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ABSTRACT 
Greenhouse gas studies from arctic peatlands have mainly focused on carbon dioxide (CO2) 
and methane (CH4) fluxes. However, recent findings show that some types of permafrost 
peatlands can emit also nitrous oxide (N2O) to the atmosphere. These land cover types, peat 
circles and peat mounds in permafrost-affected peat plateaus, are characterized by lack of 
vegetation, low carbon to nitrogen ratio, high gross N mineralization rate and relatively dry 
moisture conditions. Thermokarst lake walls show similar characteristics as the peat circles and 
are assumed to be one of the arctic N2O sources, but so far no studies have been carried out 
about their gas exchange. This study was performed in order to increase the knowledge of arctic 
N2O emissions for the part of thermokarst lake walls. 
The fluxes of N2O, CH4 and CO2 were measured from three thermokarst lake walls in the 
discontinuous permafrost zone in Russia using static chamber and dynamic chamber 
techniques. The soil gas concentrations were measured, soil properties were analyzed and the 
distribution of thermokarst lake walls in proximity of the three study walls was mapped. 
The gas exchange between the soil and the atmosphere was generally low.  The average fluxes 
were 0.0958 ± 0.018 mg N2O m
-2 d-1, 0.624 ± 0.222 mg CH4 m
-2 d-1 and 99.9 ± 14.3 mg CO2 m
-
2 d-1. One major reason for the low fluxes was probably the atypically low air temperatures 
during the study period, which might have decreased the soil microbial activity. Also, the lake 
wall soils were rather dry compared to peat circles and thus did not support N2O production to 
the same extent. Furthermore, the regular breaking of the lake walls may have disturbed the 
microbial communities in the soil and thus decreased the gas exchange. Water-filled pore space 
(WFPS) was one of the main factors affecting the rates of N2O fluxes in permafrost peatlands. 
Even though the N2O fluxes were low, thermokarst lake walls were nevertheless sources of 
N2O. It reveals that apart from peat circles there are also other important sources of N2O in the 
Arctic. Finally, all the small sources of N2O add up and they all should be taken into account 
while estimating the greenhouse gas balance in the Arctic. In the future, the role of these 
thermokarst processes on the greenhouse gas balance might even increase with increasing thaw 
rate of the permafrost. 
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TIIVISTELMÄ 
Arktiset kasvihuonekaasututkimukset ovat pitkään keskittyneet vain hiilidioksidi- (CO2) ja 
metaanipäästöihin (CH4). Viimeaikaiset tutkimukset kuitenkin osoittavat yllättäen, että 
tietyntyyppiset routamaat voivat toimia myös voimakkaan kasvihuonekaasun typpioksiduulin 
(N2O) eli ilokaasun lähteenä, mikä voi vaikuttaa voimakkaasti arktisten alueiden arvioituihin 
ilmastovaikutuksiin. Typpioksiduulipäästöjä on havaittu routivilla turvemailla, joista 
suurimmat päästöt on havaittu routimisen aiheuttamilla kasvillisuudesta paljailla turvekehillä 
(engl. peat circles). Tärkeimpiä ominaispiirteitä N2O lähteille ovat tutkimusten mukaan 
kasvillisuuden puute, maaperän korkea typpipitoisuus suhteessa hiilipitoisuuteen, typen 
tehokas mineralisaatio maaperässä sekä kuivahkot kosteusolosuhteet. Termokarstisten järvien 
rantavallit muistuttavat ominaisuuksiltaan huomattavasti turvekehiä ja ovat siten potentiaalisia 
lähteitä typpioksiduulille. Tämän tutkimuksen tavoitteena oli määrittää termokarstisten 
rantavallien kasvihuonekaasuvirtauksia ja siten lisätä tietoa mahdollisista N2O lähteistä 
arktisilla alueilla. 
Kasvihuonekaasuvirtauksia mitattiin N2O, CH4 ja CO2 kaasujen osalta kolmelta 
termokarstiselta rantavallilta epäyhtenäisen ikiroudan alueella luoteis-Venäjällä. 
Kaasuvirtausmittaukset tehtiin sekä staattista että dynaamista kammiomenetelmää käyttäen. 
Virtausten lisäksi mitattiin maaperän kaasupitoisuuksia ja maaperän ominaisuuksia 
tutkimusvalleilta sekä kartoitettiin termokarstisten rantavallien esiintymistä tutkimusalueella. 
Kaiken kaikkiaan kasvihuonekaasuvirtaukset olivat melko heikkoja tutkituilla rantavalleilla. 
Keskimääräiset virtaukset olivat 0.0958 ± 0.018 mg N2O m
-2 d-1, 0.624 ± 0.222 mg CH4 m
-2 d-1 
ja 99.9 ± 14.3 mg CO2 m
-2 d-1. Mittausten aikana vallinnut kylmä sää vaikutti todennäköisesti 
kaasuvirtausten voimakkuuteen heikentämällä maaperän mikrobien aktiivisuutta. Myös 
rantavallien jatkuva murtuminen ja eroosio on voinut toimia häiritsevänä tekijänä mikrobien 
toiminnalle ja hidastaa kaasujen vaihtoa maaperän ja ilmakehän välillä. Tutkituilla 
rantavalleilla yksi tärkeimmistä tekijöistä N2O virtaukselle vaikutti olevan maaperän 
vedenkylläisyysaste eli veden täyttämä huokostila. 
Vaikka N2O virtaukset olivat matalia tutkituilla rantavalleilla, olivat termokarstiset rantavallit 
kuitenkin selviä typpioksiduulin lähteitä. On siis todennäköistä, että turvekehien lisäksi 
arktisella alueella on useita muitakin merkittäviä N2O lähteitä, joita ei ole vielä tutkittu. Sitä 
paitsi heikoistakin lähteistä voi yhteenlaskettuna aiheutua merkittävä vaikutus arktiselle 
kasvihuonekaasutaseelle. Meneillään oleva ikiroudan sulaminen arktisella alueella saattaa 
myös lähitulevaisuudessa lisätä termokarstisia prosesseja turvemailla ja siten lisätä N2O 
lähteiden määrää alueella. Typpioksiduuli olisikin tärkeää ottaa kasvavassa määrin huomioon 
arktisen alueen kasvihuonekaasututkimuksissa.  
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PREFACE 
The Biogeochemistry Research Group of University of Eastern Finland has a long experience 
in arctic greenhouse gas studies and I was lucky to be taken along to the group in 2014 to work 
on the recent findings of N2O emissionsfrom the Arctic. My supervisor, Christina Biasi, had an 
idea of thermokarst lake walls being a possible source of N2O and the hypothesis had to be 
tested in field. 
Thus, in July 2014, a field team of Carolina Voigt, Richard Lamprecht and I took a train to 
north-western Russia to set up a summer research station next to a peat plateau near Seida 
settlement. Alexander Novakovsky and Ivan Hristoforovfrom the Institute of Biology in 
Syktyvkar joined us to help with the field work. 
The field measurements from the lake walls were done over two weeks’ study period in the 
middle of remote stark tundra. After the field measurements the samples were transported to 
Kuopio and analysed during the autumn 2014 in the laboratories of Biogeochemistry Research 
Group in Kuopio campus. The thesis was written during the spring 2015. 
It was a great experience for me to work with the motivated and experienced researchers of the 
Biogeochemistry Research Group and to see how the arctic climate research is carried outin 
practice. I want to thank everyone, who has helped me with this thesis along the way. Special 
thanks to my supervisors Christina Biasi for inspirational ideas and Carolina Voigt for all the 
long hours of helping me in both field and laboratory. I want to thank also Richard Lamprecht, 
Alexander Novakovsky, Ivan Hristoforov and Elena Maewskaja for making the trip to Russia 
unforgettable. I thank Tarmo Virtanen and Kari Pasanen for the help with mapping and 
Narasinha Shurpali for the support with statistical analyses. 
 
  
  
  
  
ABBREVIATIONS 
CH4= methane 
CO2 = carbon dioxide 
GHG = greenhouse gas 
EGM = environmental gas monitor 
N2O = nitrous oxide 
PAR = photosynthetically active radiation 
SE = standard error 
SOC = soil organic carbon 
SOM = soil organic matter 
WFPS = water-filled pore space  
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1. INTRODUCTION 
Permafrost thawing and its impacts on greenhouse gas emissions in the Arctic have lately been 
a topic under a growing interest. In the Northern Hemisphere, approximately 25 % of the land 
area is underlain by permanently frozen soil, which forms a major storage of organic carbon 
and nitrogen unavailable for decomposition processes (Elberling et al. 2010). However, the 
thawing of the permafrost is expected to increase due to climate change, which triggers organic 
material decay and thus carbon and nitrogen release to the atmosphere as carbon dioxide (CO2), 
methane (CH4) and nitrous oxide (N2O) (Schaefer et al. 2011; Elberling et al. 2010; Tarnocai 
et al. 2009; Schuur et al. 2008). 
In the past, N2O emissions were considered to be emitted mainly from agricultural and tropical 
soils (Repo et al. 2009). However, recent studies have shown that certain unvegetated peat 
formations such as bare palsas and peat circles can have as high N2O emissions, peat circles 
evenfrom 0.9 to 1.4 g N2O m
-2 yr-1, and might therefore have remarkable contribution to the 
greenhouse effect (Repo et al. 2009; Marushchak et al. 2011). Peat circles have been the first 
remarkable N2O source discovered from the Arctic, but more research is needed to expand the 
knowledge about other arctic N2O emissions. 
Marushchak and others (2011) studied the special features of theN2O hot spots and discovered 
that the vegetation cover has a large impact on the N2Oemissions from the peatlands. Areas of 
bare peat surfaces such as peat circles and peat mounds in peat plateaus had the highest N2O 
emissions of all studied peatland types. The lack of vegetation is promoted by wind erosion 
(Biasi et al. 2014). The high N2O production seems to be linked with lack of nitrogen uptake 
by plants, low C:N ratio, high gross N mineralization rate and relatively low soil moisture 
content, which can all enhance the availability of mineral nitrogen in the soil (Palmer et al. 
2012; Marushchak et al. 2011). 
Peat circles occur in permafrost affected soils called peat plateaus, which are peaty soils uplifted 
by permafrost actions. Marushchak and others (2011) proposed that rising of the soil by frost 
heaving is crucial for N2O hot spots, since it reduces the moisture content and enhances the 
aeration of the soil.  
Peat circles and bare palsas, however, are not the only peat formations in the Arctic that have 
these special features for N2O production. Due to the melting of the ground ice, permafrost peat 
plateaus are often linked with thermokarst processes such as thermokarst thaw lakes (Kokelj et 
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al. 2013; Sjöberg et al. 2012). These thermokarst lakes are very dynamic systems with 
constantly changing shorelines. The lake walls break down due to melting of ice and reveal 
fresh unvegetated peat surfaces along the lake walls. Bare thermokarst lake walls have very 
similar characteristics to the peat circles: lack of vegetation cover, moist but not too wet and 
well aerated soil due to cryoturbation and erosion. Thus the lake walls are potential sources of 
N2O similar to peat circles. 
Thermokarst lake walls have so far gained very little attention in climate research. It is unclear, 
which gases are emitted from the lake walls and at which rate. Thermokarst lakes are known to 
cover 5- 20 % of low land tundra (Sjöberg et al. 2012), but the area of the unvegetated lake 
walls has not been studied before. This research attempts to increase the knowledge of the 
thermokarst lake walls and their greenhouse gas emissions, particularly the N2O fluxes. The 
aims of the research were to measure and quantify the magnitude of the N2O, CH4 and CO2 
fluxes from thermokarst lake walls, to determine the underlying processes in the soil, and to 
upscale the results for the study region and compare the fluxes to other surface types, such as 
peat circles. 
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2. LITERATURE REVIEW 
2.1 PERMAFROST PEATLANDS 
2.1.1 Global distribution 
Northern circumpolar permafrost region is an area higher than 45° latitude, where the soil is 
permanently frozen throughout the year for at least two consecutive years. The permafrost 
region covers an area of 18,782 x 103 km2, which is nearly 16 % of world’s total land area 
(Tarnocai et al. 2009). The great extent of the area makes the region significant in respect to 
future climate prospects. 
Permafrost peatlands are important storages of carbon and nitrogen, since the organic matter 
has been accumulating in the soils for thousands of years. Relatively high moisture conditions 
together with cold climate and partly frozen ground keep the decomposition rate of the organic 
material generally very low in the Arctic. The bulk of soil organic matter in permafrost areas is 
found in peatlands, where additionally acidic conditions and poor oxygen availability cause the 
burial of poorly decomposed organic material into several meters thick peat deposits (Hugelius 
et al. 2011). 
The circumpolar permafrost zone can be classified into four groups based on the coverage of 
the permanently frozen soils: continuous (> 90 %), discontinuous (50 – 90 %), sporadic (10 – 
50 %) and isolated patches (< 10 %) permafrost zones (Tarnocai et al. 2009). Permafrost soils 
consist of a frozen inactive permafrost layer and an unfrozen active layer, in which the 
decomposition processes may take place. In the continuous permafrost zone, the permafrost 
layer is very thick ranging from 350 to 650 m, whereas the active layer is often less than two 
meters thick. In the discontinuous permafrost zone the proportion of decomposable soil is 
greater, since the permafrost layer is usually less than 50 m thick and the active layer thickness 
can be several meters. (Schuur et al. 2008). 
 
2.1.2 Role in the carbon and nitrogen cycle 
In the discontinuous permafrost zone peat plateaus, which are peaty soils lifted by permafrost 
action (cryic histosols), are the most important carbon storages and have the highest soil organic 
carbon (SOC) content compared to other arctic tundra soils (Hugelius et al. 2011). 
Cryoturbation turns over the soil and buries organic material from the top into deeper soil layers 
by frost heave and thaw settlement and thus greatly increases the carbon content of the soil 
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(Schuur et al. 2008). It has been estimated that the cryic histosols can be responsible of over 50 
% of the soil organic carbon storage in the discontinuous permafrost zone (Hugelius et al. 
2011).The high carbon content and the thick active layer make the peat plateaus in the 
discontinuous permafrost zone important areas for determination of the greenhouse gas balance 
in the Arctic, since the SOC in the active layer is decomposed into greenhouse gases carbon 
dioxide (CO2) and methane (CH4). 
Recently it has been discovered that besides CO2 and CH4 peat plateaus can also be important 
sources of nitrous oxide (N2O) (Marushchak et al. 2011; Repo et al. 2009). High N2O fluxes 
have been detected from round unvegetated peat formations called peat circles found from peat 
plateaus (see Figure 2.1.). The quantity of the N2O fluxes from the peat circles is comparable 
to the fluxes measured from agricultural soils and tropical forests, which were before considered 
as the only remarkable N2O emitting soils globally. This newly discovered source of N2O 
proves that the arctic permafrost peatlands are in fact important for the global climate not only 
in respect to carbon cycling but also in terms of nitrogen cycling (see Chapter 2.2). 
 
 
Figure 2.1. Peat circles are round formations of bare peat, which are common in peat plateaus. 
(Picture by Magdaleena Rouhiainen, 2014) 
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2.1.3 Thermokarst lakes 
Peat plateaus are very heterogeneous landscapes due to permafrost action, which can form not 
only peat circles but also various other land formations. In thermokarst processes thawing of 
the permafrost causes hydrological changes and collapses of the land, which may create new 
land formations such as active-layer detachment slides, lakeside thaw slumps, thermokarst bogs 
and thermokarst lakes among others. These thermokarst landforms are common in the 
permafrost region all over the world, including northern Russia (Kokelj and Jorgenson, 2013). 
Thermokarst lakes are by definition lakes and ponds that are formed by collapse of the soil due 
to thawing of the permafrost soil or ground ice and are the most common thermokarst landform 
type (Kokelj and Jorgenson, 2013).  They are estimated to cover 5 – 20 % of lowland tundra, 
but due to the dynamic character of the thermokarst lakes the coverage varies largely. Both 
increases and decreases in the lake area have been detected over the permafrost region. (Sjöberg 
et al. 2012). 
The thermokarst lake development depends largely on the topography, hydrology and ice 
content of the soil in the area. Simplistically, unevenly melting ice forms pits and hollows on 
the ground surface, which captures rainfall and melting water runoff and creates lakes and small 
ponds (Sjöberg et al. 2012). However, the development of the lake is also affected by the rate 
of thawing, summer precipitation, river systems and other site-specific conditions (Kokelj and 
Jorgenson, 2013; Jorgenson and Shur, 2007). These complex development mechanisms make 
thermokarst lakes very dynamic systems, since the freezing and thawing of the permafrost 
changes the shorelines and can also drain them rapidly by changing the water flow in the 
landscape. (Sjöberg et al. 2012) 
Development of the thermokarst lakes can also change the surrounding landscape by several 
processes. The lake water absorbs solar radiation and stores the heat effectively, which can 
warm up the lake walls and the lake bottom. Sediments can be transported from the shores by 
wave erosion and collapsing lake walls, which can increase the area of the lake. (Kokelj and 
Jorgenson, 2013). The warm lake water can also start a lateral thawing process below the 
permafrost surface (Jorgenson et al. 2010). 
Caused by the erosion and collapsing of the lake walls, thermokarst lakes are often surrounded 
by peat walls that can be up to several meters high (see Figure 2.2). The lake walls are eroded 
especially during the summer season, when the lake water is warm and the permafrost thaws 
rapidly. When the ice inside the peat wall thaws, the lake walls suddenly lose their supporting 
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ice structure and large layers of peat may fall down to the lake, which reshapes the shoreline 
(Kokelj and Jorgenson, 2013). In Alaska the lake walls have been observed to get eroded at 
maximum rate of 0.8 m yr-1 (Jorgenson and Shur, 2007). 
 
Figure 2.2. Thermokarst lakes in peat plateaus are often surrounded by several meters high 
walls of bare peat called thermokarst lake walls. (Picture by Magdaleena Rouhiainen, 2014) 
 
The impact of the thermokarst lakes on the greenhouse gas balance in subarctic peatlands has 
not been studied thoroughly. The lakes are known to be sources of greenhouse gases CO2 and 
CH4 (Marushchak et al. 2013). However, the breaking of the shores, which creates fresh 
unvegetated peat surfaces along the lake shoreline, and its effects on the greenhouse gas fluxes 
is less well investigated. The soil material collapsing to the lakes might influence the release of 
greenhouse gases (Walter et al. 2006). The greenhouse gas fluxes of the lake walls themselves 
have not yet been studied. 
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2.2 GREENHOUSE GAS EXCHANGE FROM PERMAFROST SOILS 
2.2.1 Fluxes 
Nitrous oxide (N2O) 
The N2O fluxes are mainly controlled by nitrification and denitrification processes, which are 
carried out by soil microbes. In the decomposition process of the organic material the nitrogen 
is mineralized from organic nitrogen to ammonium (NH4
+) by soil microbes. In aerobic 
conditions, nitrifying microbes oxidize ammonium in the soil to nitrite (NO2
-) and finally to 
nitrate (NO3
-), which can be taken up by plants. In anaerobic conditions, denitrifying microbes 
reduce the nitrate to nitrite and further to gaseous nitric oxide (NO), nitrous oxide (N2O) and 
molecular nitrogen (N2), which can be released from the soil to the atmosphere. The N2O flux 
is therefore strongly dependent on the aerobic conditions of the soil and the concentration of 
inorganic nitrogen (ammonium, nitrite and nitrate). (Robertson and Groffman, 2007) (See 
figure 2.3). 
Figure 2.3. Classical coupled nitrification-denitrification cycle. 
 
Besides the classical coupled nitrification-denitrification, there is also other pathways for N2O 
production. In a process called nitrifier denitrification the nitrifying microbes oxidize NH4
+ to 
NH3 and then reduce it further to N2O by using nitrite as an electron acceptor. The nitrifier 
denitrification is often linked with low oxygen and carbon content and low pH (Ma et al. 2007; 
Wrage et al. 2001). Additionally, the first step in nitrification – ammonium oxidation –may 
release N2O under oxic conditions. Microbes responsible for this process are ammonium 
oxidizing bacteria and archaea. The N2O production mechanisms depend largely on the O2 
conditions of the soil. Nitrification is the main process when the water filled pore space (WFPS) 
is < 60 % and in more water saturated soils denitrification becomes dominant (Ma et al. 2007). 
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The main pathway for N2O production in the arctic N2O releasing soils is still argued. Palmer 
and others (2012) stated that denitrification is the main source in these hotspots in peaty arctic 
tundra soils, however, results were not conclusive. Since reported N2O emissions have 
otherwise been very low from the Arctic, there is a lack of knowledge on the controlling 
processes. Christensen and others (1999) proposed that the N2O is produced through classical 
denitrification by denitrifying soil microbes. On the other hand, Siciliano and others (2009) 
stated that N2O is mainly produced by nitrifying bacteria through nitrifier denitrification, since 
the denitrifiers compete for nitrate with soil fungi. If the fungi was inhibited, the N2O produced 
by denitrifiers increased while the N2O flux from nitrifiers stayed stable. 
Another important factor for N2O production is the soil pH. The rate of N2O production relative 
to N2 production increases when the soil pH is lower than 5, likely because the low pH depresses 
the denitrifying microbes (Palmer et al. 2012). 
One of the most important limiting factors for N2O production in tundra soils is the low 
concentration of mineral N (Marushchak et al. 2011; Christensen et al. 1999; Siciliano et al. 
2009; Ma et al. 2007). Also low C/N ratios seem to promote N2O production. If the C/N ratio 
of the soil is low, the microbes cannot utilize all the nitrogen for their own growth, because 
there is not enough carbon (Robertson and Groffman, 2007), and extra nitrogen is left in the 
soil. In general, a C/N ratio lower than 25 refers to nitrogen mineralization (Robertson and 
Groffman, 2007; Klemedtsson et al. 2005). 
Marushchak and others (2011) studied the N2O fluxes from the peat circles and concluded that 
the optimal conditions for high N2O fluxes from the peat soils are lack of vegetation, sufficient 
moisture conditions, low C/N ratio, high gross N mineralization rate and sufficient availability 
of mineral N. The authors also proposed that rising of the soil by frost heaving is crucial for 
N2O hot spots, since it reduces the moisture content and enhances the aeration of the soil. The 
intermediate soil moisture conditions are optimum for aerobic nitrification to produce nitrate, 
and provide sufficient possibilities for anoxic microsites where anaerobic denitrification can 
occur. 
The peat circles are known to have the highest soil microbial respiration rates compared to other 
tundra soils, which is suspected to be caused at least partly by the high C content and 
decomposability of the old, but relatively labile soil organic matter (Biasi et al. 2014). 
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Cryoturbation also breaks the soil aggregates and makes the soil carbon better available for the 
microbes (Mørkved et al. 2006; Sharma et al. 2006; Palmer et al. 2012). Mørkved and others 
(2006) suggested that the carbon addition from freeze-thaw cycles in permafrost peatlands is 
crucial for the N2O production, since it benefits the denitrifying bacteria and reduces O2 from 
the soil. Availability of carbon is necessary for heterotrophic denitrificaton to occur. Palmer 
and others (2012) studied the microbial communities from cryoturbated and unturbated soils 
and proved that the cryoturbation influenced the microbial community structure in the soil and 
that denitrifiers in cryoturbated soils are highly abundant, and well adapted to low pH of the 
soil. 
Temperature is also an important factor for nitrogen cycling. Weedon and others (2012) studied 
the effect of warming on nitrogen cycling in subarctic peatlands in Sweden with open top 
chambers (OTCs) and found out that summer warming of 1 °C doubled the organic nitrogen 
and ammonia (NH3) concentrations in the soil. The authors suggest that the nitrogen 
accumulation is caused by increased microbial biomass during the warm summer period, which 
leads to greater microbial mortality after summer and thus increases the amount of microbe 
originated nitrogen in the soil. Eventually, increased nitrogen mineralization might lead to 
increased N2O production. 
Thermokarst lake walls are a potential source of high N2O emissions. The N2O fluxes or the 
soil properties of the thermokarst lake walls have not yet been studied, but they occur in the 
same peat soils as the peat circles and are expected to resemble them largely in terms of soil 
properties. Lack of vegetation cover, moist but not too wet moisture conditions and well aerated 
soil due to cryoturbation and erosion may all lead to high N2O fluxes. There is no nitrogen 
uptake by plants in the lake walls and the good oxygen availability enhances the oxidation of 
nitrogen. 
Nitrous oxide fluxes are usually quantitatively low in the Arctic, but even very low fluxes can 
have significant impacts on the climate, since the half-life of N2O in the atmosphere is 114 
years and its global warming potential (GWP) is 298 times higher than carbon dioxide in 100 
years’ time frame (IPCC 2007; Forster et al. 2007). It has been estimated to be responsible for 
6 % of the current global warming (IPCC 2007; Forster et al. 2007). Nitrous oxide can have 
also other negative impacts on the climate, since it can degrade ozone in the stratosphere 
(Robertson and Groffman, 2007). 
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Methane (CH4) and carbon dioxide (CO2) 
In the short-term carbon cycle, the CO2 from the atmosphere is taken up by photosynthetic 
plants and transformed into organic carbon (gross primary production, GPP). The organic 
carbon is then partly used for plant respiration (resulting to net primary production, NPP) and 
partly consumed by soil microbes and soil fauna for biomass accumulation as net secondary 
production (NSP) and respiration. The carbon stock that is left in the soil after the respiration 
of photosynthesizers and decomposers is called the net ecosystem production (NEP). (Horwath, 
2007). In unvegetated soils, as in peat circles and thermokarst lake walls, the photosynthesis 
and respiration by higher plants is absent and therefore the net ecosystem production is 
dominated by the decomposition by soil microbes and soil fauna (Biasi et al., 2014). 
Peat is an important carbon storage due to its high organic matter content. In peatlands carbon 
is accumulating to the soil, because the conditions are not favourable (poor oxygen availability, 
cold climate, low pH) for the decomposing microbes and soil fauna. Organic material in the 
soil is eventually decomposed to either CO2 or CH4 depending on the aerobic conditions during 
the decay. In simple terms, decomposition in aerobic conditions produces CO2 and anaerobic 
decay produces CH4. Besides the aerobic conditions, also temperature, vegetation cover and 
other parameters can effect on the CO2 and CH4 fluxes by influencing the microbial activity in 
the soil (Lai et al. 2014; Marushchak et al. 2013). As mentioned above, carbon loss due to CO2 
and CH4 fluxes by decomposers is usually smaller than carbon gain by plants, leading to carbon 
accumulation in the long-term in pristine peatlands. 
Methane (CH4) fluxes are mainly regulated by anaerobic methanogenic microbes and aerobic 
methanotrophic microbes. In anaerobic decomposition of organic matter, the methanogenic 
microbes reduce carbon compounds such as carbon dioxide (CO2) and acetic acid (CH3COOH) 
to CH4. In aerobic soils the methanotrophic microbes oxidize CH4 mainly to CO2. In wet 
peatlands, where the oxygen conditions are very poor, decomposed organic carbon is mainly 
released as CH4. Contrarily, in well-aerated soils the CH4 is usually consumed rather than 
emitted to the atmosphere (Horwath, 2007). 
Depending on the aerobic conditions of the soil, the lake walls can be either sinks or sources of 
CH4. Peat circles in peat plateaus usually show CH4 uptake, which might be caused by the 
enhanced aerobic conditions due to uplifting of the whole peat plateau when the permafrost 
aggregated (Hugelius et al., 2011). Besides soils, CH4 is also released from the thermokarst 
lakes by bubbling (Walter et al. 2006) and diffusive processes (Lai et al. 2014). 
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Methane has a life span of 12 years in the atmosphere and its GWP is 25 times higher that CO2 
for a time frame of 100 years (IPCC 2007;Forster et al. 2007). 
 
2.2.2 Methodological aspects: measuring greenhouse gas fluxes and gas sampling 
techniques 
Arctic environment sets several limitations for the methodology used in arctic greenhouse gas 
studies. The study locations are usually far away from roads, there is no electricity available 
and the equipment might get exposed to rapidly changing and extreme weather conditions due 
to poor storage availability. Thus, the equipment has to be weatherproof and easy to carry, and 
the electronic measuring devices must work without an external power supply. Moreover, the 
main research season, summer, is short, which limits the time of the research. Due to these 
limitations, arctic ecosystems and their research methodology are rather poorly studied 
compared to other terrestrial ecosystems. 
Caused by the limited logistic support, the static chamber method and dynamic chamber method 
are widely used in greenhouse gas studies in the Arctic (e.g. Christensen et al. 2000; Repo et 
al. 2009; Marushchak et al. 2011). The chamber technique isa technically simpler method 
compared to eddy covariance method, which is used less frequently in remote arctic regions. 
Chambers do not require electricity, are weatherproof and easy to transport. 
The static chamber technique provides data about the gas fluxes in a small scale and therefore 
it can be used to describe the spatial heterogeneity of the landscape in more detail than the eddy 
covariance method (Drösler, 2005). In static chamber method, an airtight chamber is placed on 
the soil to allow gases to accumulate within the chamber air. The gases are sampled from the 
chamber at several (usually 4 or 5) time points during the enclosure to track changes in the gas 
concentrations inside the chamber. Afterwards, the fluxes of the tracked gases are calculated 
from the concentrations change over time for example with linear regression. This method is 
generally used to track N2O and CH4 fluxes. 
The static chamber technique as described above is not very accurate in terms of CO2 
concentration, which is due to the rather long enclosure time (30 min). This would lead to an 
underestimation of fluxes, since CO2 rapidly accumulates in the chamber air which inhibits the 
fluxes. Therefore, the CO2 from ecosystem respiration (ER) is generally measured with the 
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dynamic chamber technique (Rochette et al. 1996), using an infrared gas analyzer connected to 
the chamber via closed loop, which measures the concentration data in real time. 
If possible, the chamber techniques are best used together with the eddy covariance technique, 
which provides larger scale data about the fluxes (Drösler, 2005). In this case, only the chamber 
technique was used, since the eddy covariance technique is suitable only for flat environments 
and cannot be used for smaller, specific landforms like the lake walls. Eddy covariance yields 
a regional estimate of gas fluxes, but does not or only to a limited extent distinguish between 
landform types. Another practical reason was the lack of electrical power supply which is 
needed for eddy covariance at the study site Seida, where this study was carried out. Taken 
together, the chamber technique was the best method to measure the greenhouse gas fluxes of 
the lake walls under the given circumstances. 
 
2.2.3 Climate change impacts on greenhouse gas fluxes from arctic regions 
Temperatures are expected to rise in arctic and subarctic regions due to climate change (Schuur 
et al. 2008; Schaefer et al. 2011; McGuire et al. 2012; Romanovsky et al. 2010). Thawing of 
the permafrost is a major concern in the circumpolar Arctic and is known to affect the 
greenhouse gas balance of the region (e.g. Schuur et al. 2008). In North America the permafrost 
temperatures have already increased by 2-4 °C since the 1970s and the temperatures are 
expected to continue to rise in the future (Smith et al. 2010). In Russia the soils in the permafrost 
zone have warmed by 0.5 to 2 °C (Romanovsky et al. 2010). 
Increasing temperature is a threat for the carbon storages in the arctic peatlands, since it causes 
active layer deepening, thermokarst processes, hydrological changes and erosion, which might 
increase the remobilization of soil organic carbon (Hugelius et al. 2011). Moreover, the higher 
temperature itself promotes the activity of the soil microbes and therefore enhances the carbon 
and nitrogen remobilization (Frey et al. 2013). 
In Greenland the active layer has been observed to deepen by approximately 0.9 mm yr-1 from 
1997 to 2008 and is expected to increase by 10–40 cm over the next 70 years (Elberling et al. 
2010). Thickening of the active layer increases the amount of carbon and nitrogen available for 
microbial processes in the soil and thus affects the N2O, CH4 and CO2 fluxes from soils 
(Åkerman and Johansson, 2008). Cryic histosols in peat plateaus are important carbon storages 
especially in the view of climate change, since most of the soil organic carbon in peat plateaus 
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is in permafrost-affected layers (Hugelius et al. 2011). If the permafrost thaws, large carbon 
storages might get released for decomposition processes from the peat plateaus. Hugelius and 
others (2011) suggest that the thickening of the active layer may even double the amount of soil 
organic carbon available for decomposition and remobilization. 
The permafrost region is also sensitive for climatic warming because even small changes in 
temperature can lead to massive land collapses due to the thermokarst processes. Thawing of 
the permafrost also changes the hydrology in the area by creating new slopes, lakes and rivers 
and exposing soil to erosion (Hugelius et al. 2011). These landscape changes and their effects 
on the regional greenhouse gas balance are less well investigated than the direct temperature 
effects on the fluxes. 
Taken together, it is difficult to predict the consequences of the climate warming in future. 
Particularly thermokarst expansion is difficult to predict (Hugelius et al. 2011). In the future, 
deepening of the active layer and expansion of the thermokarst lakes is expected to increase the 
remobilization of the soil organic carbon in the region (Hugelius et al. 2011). Also higher 
temperatures and changes in soil moisture may increase the remobilization. Generally, the 
changes in arctic ecosystems cause both positive and negative feedbacks on the climate 
(Jorgenson et al. 2010). 
  
22 
 
3. OBJECTIVES 
Studies on the arctic greenhouse gas balance have long been focused mainly on the CH4 and 
CO2 fluxes. Recent discoveries about the arctic N2O hot spots indicate that more research is 
needed to understand the arctic N2O sources more extensively. Thermokarst lake walls are one 
of the potential sources of N2O and have so far been neglected in studies on greenhouse gas 
balances of the arctic regions. 
The general objective of this study was to increase the knowledge of greenhouse gas fluxes 
from thermokarst lake walls, a highly dynamic landscape feature of permafrost regions, by 
focusing on N2O fluxes but also considering CO2 and CH4 fluxes. Thus, the aims of the research 
were to 1) estimate the N2O, CH4 and CO2 fluxes from thermokarst lake walls in permafrost 
peatlands, 2) determine the underlying factors that influence the fluxes from these soils, 3) 
upscale the results to the “Seida region” and compare the fluxes from lake walls with other 
surface types from the area, particularly the peat circles. 
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4. MATERIALS AND METHODS 
4.1. STUDY SITE 
The study site was located in Northeast European Russia in the discontinuous permafrost zone 
near the village Seida, Komi Republic (67°03’N, 62°55’E), where permafrost covers 50 – 90 
% of the area. The landscape in the study site (field station Seida) is hilly upland tundra covered 
with heterogeneous tundra vegetation. In the study area there is a peat plateau which is 
surrounded mainly by mineral tundra as well as fens and thermokarst lakes. The peat plateau, 
which accounts for over 20 % of the landscape, is spotted by bare peat surface (peat circles; 
coverage of approximately 3 %). The coverage of the thermokarst lakes in the area is 
approximately 1 % (Marushchak et al. 2011; 2013). 
The mean annual air temperature is – 5.6 °C and mean precipitation 501 mm from 1977 to 2006. 
The mean air temperatures in the region for July and August have been 13.0 and 9.6 °C 
respectively (Marushchak et al. 2013). 
The studied thermokarst lakes were located within and next to the peat plateau. The lakes were 
surrounded partly by bare peat walls without any vegetation, which were up to several meters 
high. In some parts along the shoreline these peat walls were vegetated and comparably low. 
The bare peat walls were located mainly on the shores bordering the peat plateau. The 
vegetation next to the lake walls varied from bare peat surfaces to dry upland tundra heath 
(vascular plants such as Betula nana, Vaccinium sp., Rhododendron sp., Rubus chamaemorus, 
lichens and some mosses). Some bare peat walls that resembled thermokarst lake walls were 
also located next to rivers or wetland areas that seemed to be recently overgrown thermokarst 
lakes. 
 
4.2. EXPERIMENTAL DESIGN 
Measurements were taken from three thermokarst lake walls belonging to three thermokarst 
lakes located close to the field station of Seida. These three lakes were chosen for the study 
since they had a clear vertical structure and were unvegetated and easily accessible. Three 
vertical lake wall profiles were measured from each lake. These profiles were chosen based on 
their slope, height and topography. An optimal wall was vertical (slope close to 90 °), at least 
250 cm high and the wall surface was smooth. These criteria were used to ensure that the 
samples represent different peat layers, that all five sampling plots which were taken (see 
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below) fit vertically without overlapping and that the chamber volume is easy to measure. The 
profiles were spread across the shoreline to get representative samples from the entire lakeside. 
The height of the wall was measured from each lake profile. Only the part of the wall that was 
straight and vertical was measured, since the broken parts of the wall were not suitable for the 
chamber measurements. 
A total of nine lake wall profiles were studied. Each profile was measured at five different 
depths. The distribution of the measurement points varied depending on the height of the wall, 
since the plots were always dispersed evenly to the measurable part of the lake wall (Figure 1). 
Gas samples were taken from each plot by applying the static as well as dynamic chamber 
method (surface emissions; chapters 4.3.1 and 4.3.3), and from the soil (soil gases; chapter 
4.3.2).Both the static chamber and soil gas sampling were used to detect the concentrations of 
CH4 and N2O. Concentration of CO2 was additionally determined from the soil gas samples. 
The CO2 concentration from the surface flux was measured via the dynamic chamber technique 
with an Environmental Gas Monitor (EGM). 
Water sampling was performed to detect ammonium (NH4
+) and nitrate (NO3
-) concentrations 
in the soil. Other soil parameters including pH, water content, soil organic matter and total 
carbon/nitrogen (C/N) ratio were studied from soil samples. Soil extractions were done to 
determine NH4
+ and NO3
- concentrations directly from the soil. 
Moreover, soil moisture was measured from each plot. Soil temperature was also measured 
from different depths. Meteorological data was collected from the weather station at the Seida 
field site. 
Sampling and measurements were performed in the following order: static chamber gas 
sampling, soil gas sampling, soil moisture and soil temperature measurements, water sampling 
and dynamic chamber EGM measurements. This order was followed to avoid any disturbance 
of the soil before the gas measurements (Figure 4.1). 
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Figure 4.1. Set up of the measurements in one lake wall profile. Each profile was studied from 
five different depths. The order of the measurements was 1) chamber gas sampling (N2O, CH4), 
2) soil gas sampling (N2O, CH4, and CO2), 3) soil moisture and soil temperature measurements, 
4) water sampling (NH4
+, NO3
-) and 5) EGM measurements (CO2). This order was followed to 
avoid any soil disturbance before the gas measurements. 
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Table 4.1. Summary of measurement techniques and analyses performed in this work including 
time schedule and location. Columns show the different samplings, measurements and analyses 
in three different locations: Seida, Kuopio and České Budějovice. The last column shows all 
the parameters gained from each measurement. The results were all calculated in Kuopio. 
Seida, 
Russia 
Kuopio, 
Finland 
České 
Budějovice, 
Czech Republic 
Gained parameters 
June - July 2014 July - September 2014 November 2014   
Chamber sampling Gas content analysis - CH4 flux 
 (static chamber techique)   - N2O flux 
Soil gas sampling Gas content analysis - CH4 concentration 
    - N2O concentration 
    - CO2 concentration 
Chamber sampling 
(dynamic chamber technique; EGM4) 
- - CO2 flux 
Soil sampling pH from soil slurries - pH 
  Dry weight analysis - Water content 
  SOM analysis - Soil organic matter 
  Ammonium from soil 
extractions 
- NH4+ 
  Nitrate from soil 
extractions 
- NO3- 
  C/N sample 
preparation 
C/N analysis C/N ratio 
Water sampling Ammonium analysis - NH4+ 
  Nitrate analysis - NO3- 
Soil moisture measurement - - Soil moisture 
Soil temperature - - Soil temperature 
Meteorological data from  - - Air temperature 
weather station - - Precipitation 
  - - Relative humidity 
  - - PAR 
  - - Wind speed 
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4.3. GAS SAMPLING 
4.3.1 Static chamber technique (CH4 and N2O) 
Surface fluxes of CH4 and N2O from lake walls were measured using the closed static chamber 
technique. The technique is based on closed chambers, from which the concentration of gases 
can be measured at different time points to determine the gas fluxes between the soil and the 
atmosphere (e.g. Christensen et al. 2000; Nykänen et al. 2003). 
For accurate results it is important that the conditions inside the chamber resemble ambient 
climate conditions as much as possible. Typical problems for the technique are changes in 
temperature and air pressure inside the chamber. For these reasons, the temperature was noted 
carefully both inside and outside the chamber, and the air pressure was stabilized with an extra 
tubing. Enclosure time during the measurement was kept as short as possible, to minimize 
temperature increase and other disturbances. Moreover, with chambers there is always a risk of 
leakages and therefore attention was paid for careful chamber closure. 
Gas sampling and gas measurements were performed from 20th to 23rd July 2014. The chambers 
were made of round tin cans (volume 8.8 liters, height 24.7 cm, diameter 21.5 cm). A hole was 
cut in the middle of the bottom side of the can and the edges of the hole were toughened up 
with a piece of hard plastic. An airtight rubber septum was used to plug up the hole. A 
thermometer (Lollipop Thermometer, EC-LOLLITEMP), a tube to stabilize the air pressure 
inside the chamber, and a gas sampling tube were penetrated through the septum. 
The gas sampling tube was made of 40 cm of blue nylon PE tubing (outer diameter 4 mm, inner 
diameter 2 mm) that was connected to a 30 ml polypropylene syringe with a Luer Lock tip 
(Terumo) by a three-way stopcock (Steritex). A needle (Terumo, 0.55 x25mm) was attached to 
the final end of the short tube to lead the air to a sample vial (12 ml screw-cap vials equipped 
with pierceable rubber septum, LabcoExetainer, Labco, UK). 
 
 
 
 
 
28 
 
  
The pressure stabilizing tube was made of 200 cm of PE nylon tubing. A needle was attached 
to the outside end of the tube. The tube balanced the air pressure differences between inside 
and outside of the chamber. It also circulated the chamber air from the vial back to the chamber 
during flushing. Presumably there was no gas exchange through the needle besides during the 
under pressure situation right after sampling, because of the small size of the needle. 
For sampling the chamber was first flushed towards the wind. The chamber was then placed in 
90° angle against the lake wall and pressed into the soil to 1-7 cm depth to insure proper sealing 
against the atmosphere. The chamber was propped up with strings and sticks to keep it stable 
on the wall during the measurement. In the beginning of the sampling the septum was attached 
with the thermometer, the pressure balancing tube and the sampling tube perforated on it, and 
a stopwatch was started. 
Figure 4.2. Chamber gas sampling. Temperature meter, gas sampling tube and pressure stabilizing 
tube were all connected to the chamber. Gas sample was sucked into a syringe at 5, 10, 20 and 30 
minutes and injected into a sample vial for gas content analysis. 
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The temperature meter reading was taken after approximately one minute. The depth of the 
chamber edge in the soil was measured from four points around the edge for calculating the 
exact volume of the chamber. 
Samples were taken at 5, 10, 20 and 30 minutes after the closure of the chamber (Figure 2). 
Before sampling, both the pressure stabilizing tube and the sampling tube were connected to a 
sample vial and the vial was flushed two times with 30 ml of chamber air. The pressure 
stabilizing tube was then disconnected from the vial and the syringe on the sampling tube was 
pulled open and filled with 30 ml of chamber air at exactly 5.00 minutes (first time point), and 
the sample was pushed into the vial, which was filled with an overpressure. Finally, the filled 
vial was disconnected from the sampling tube. The same procedure was followed at the time 
points 10.00, 20.00 and 30.00 minutes. The exact time of the sampling was noted down in case 
of inaccuracy in timing. Two to four chambers were used simultaneously with a time lag of 1 
minute between the closure times to speed up the sampling. 
One vial of ambient air was sampled from each lake profile with an ambient air tool made from 
blue tubing that was connected to a needle. The vial was first flushed twice with 30 ml of 
ambient air having an outlet needle connected to the vial. Then the outlet needle was 
disconnected and 30 ml sample of ambient air was sampled into the vial. At the end of each 
sampling day the over pressurized vials were additionally sealed with hot-melt glue. 
The chamber gas samples were analyzed with a gas chromatograph (Agilent Technologies 
7890B GC System, with Gilson GX-271 liquid handler autosampler) approximately a month 
later. Pre-experiments have shown no or negligible leakage of trace gases during such a short 
period of storage time (Repo et al., 2009). The GC was equipped with flame ionization detector 
(FID) for CH4, electron capture detector (ECD) for N2O and a thermal conductivity detector 
(TCD) for CO2. However, from the chamber gas samples only CH4 and N2O data was used and 
CO2 exchange was measured according to chapter 4.3.3. 
Standard gas vials with high and low concentrations were prepared to quantify the N2O, CH4 
and CO2 content in the samples. The low concentration standard gas contained 836 ppb N2O, 
2.02 ppm CH4 and 398 ppm CO2. The high concentration standard gas contained 5.03 ppm 
N2O, 15.2 ppm CH4 and 4000 ppm CO2. 30 ml of standard gas was inserted into pre-evacuated 
and N2 flushed vials with polypropylene syringes (30 ml, with a Luer Lock tip, Terumo). 
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Gas fluxes for CH4 and N2O  (mg m
-2 d-1) were calculated from the change in concentration 
over time at time points 5, 10, 20 and 30 minutes, using linear interpolation. The concentrations 
were calculated with a two-point calibration using both high and low standard and the intercept 
was set to zero. The fluxes were calculated with equation 4.1. Fluxes from the soil to the 
atmosphere were marked as positive and fluxes from atmosphere to the soil as negative. 
Equation 4.1. 𝐹𝑔𝑎𝑠 =
𝑀×𝑝 ×𝑉 ×𝑑𝑐×1000
𝑅×𝑇×𝐴 ×𝑑𝑡
× 24 , where 
 Fgas = flux rate of the gas [mg CH4 m
-2 d-1or mg N2O m
-2 d-1] 
 M = molar mass of CH4 (16.04 g mol
-1) or N2O (44.02 g mol
-1) 
 p = air pressure [Pa or N m-2)] 
 V = volume of the chamber [m³] 
 R = universal gas constant [m³ Pa K-1 mol-1or J K-1 mol-1] 
 T = instant air temperature during the measurement [K] 
 A = surface area within the chamber collar [m²] 
 dc/dt = concentration change in the chamber air over time (slope) [ppm h-1]. 
 
To represent their global warming potential (GWP) relative to CO2, the N2O and CH4 fluxes 
were calculated to CO2-equivalents. N2O fluxes were multiplied by 298 and CH4 fluxes by 25 
according to their GWP in 100 years’ time (IPCC 2007; Forster et al. 2007). 
The fluxes were calculated for the study area based on the area estimations (chapter 4.7) by 
multiplying the fluxes with the total area of the lake walls in the study area.  
 
4.3.2. Soil gases (N2O, CH4 and CO2) 
Soil gases (N2O, CH4 and CO2) were sampled right after the chamber gas measurements. A 
perforated soil gas stick with metallic sampling tube and three-way stopcock was pushed into 
the soil to depths of 5, 10 and 20 cm. A soil gas sample of 35 ml volume was drawn into a 
syringe. 
The soil gas samples were analyzed with gas chromatograph (Agilent Technologies 7890B GC 
System, with Gilson GX-271 liquid handler autosampler) approximately after one month using 
the same procedure described before (chapter 4.3.1.). Samples from Lake III were analyzed a 
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week later than the samples from Lakes I and II, since the needle of the autosampler broke after 
analyzing the first two lakes and the needle had to be replaced. 
The concentrations of N2O, CH4 and CO2in different depths were calculated with two-point 
calibration using both high and low standard and intercept was set to zero. The gas 
concentrations were calculated in parts per mil (ppm). 
 
4.3.3. Dynamic chamber technique (CO2) 
The total CO2 flux was measured with the dynamic chamber technique. Since vegetation was 
absent on the plots, photosynthesis did not affect the net ecosystem exchange (NEE), and 
therefore the measured CO2 flux consisted only of soil respiration (SR), equivalent to ecosystem 
respiration (ER) or NEE. 
Due to time constraints, CO2 measurements were performed separately from the residual gas 
measurement and thus the measurements were done under slightly different weather conditions 
than the chamber gas and soil gas measurements. Measurements were made with environmental 
gas monitor (EGM-4, PP-Systems, Amesbury, MA, USA) next to the actual measurement plot 
to exclude the effect of soil disturbance from the other measurements. 
The same chambers were used as for the CH4 and N2O sampling. The chamber was first flushed 
towards the wind and then placed against the lake wall right next to the actual measurement 
plot, either on the left or the right side of the plot depending on the structure of the wall. If the 
wall right next to the plot was too uneven for the chamber, the chamber was placed further away 
to the same height and/or same soil layer, if the stratification of the soil was clearly visible. 
(Figure 4.1, page 25) 
The chamber was connected to the EGM with plastic tubing that was plugged to the chamber 
with a rubber plug. The CO2 concentration was measured for 2 minutes and the concentration 
was noted every 5 seconds. 
The actual chamber volume was calculated based on the depth markings on the chamber. The 
measured concentrations were calculated to CO2 flux with equation 4.1. The CO2 fluxes from 
the soil to the atmosphere were marked as positive and fluxes from atmosphere to the soil as 
negative. The fluxes were calculated for the study area based on the lake wall area estimations 
(chapter 4.7). 
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4.4. SOIL PROPERTIES 
The soil was sampled on 29th July 2014. Soil samples were taken from the depth 0-10 cm with 
a plastic tube with depth markings. Soil samples were taken from the lake wall at the same 
location as the chamber gas samples. Sampling tubes were pressed and twisted to the soil to 10 
cm depth and the soil sample was pulled out of the wall with the tube. The samples were stored 
in airtight plastic bags. The procedure was repeated twice for each plot to gain sufficient amount 
of soil for the analyses, and soil samples of these two replicates were mixed and homogenized. 
In Russia the soil bags were stored in a field fridge, except during the transportation to Finland, 
when the soil samples were exposed to room temperature. In Finland the soil samples were 
stored in a cold room in 4 °C. 
Before the analyses, the soil samples were ground by hand in the plastic bags to homogenize 
the samples. Due to the absence of plants, root picking was not necessary. 
 
4.4.1. Soil pH 
For the pH measurement 30 ml of soil was measured into extraction flasks with a cut syringe. 
Milli-Q water (75 ml) was added to the containers and the container was mixed lightly by hand. 
Containers were stabilized in room temperature for 1 hour and the pH was measured by pH-
meter (WTW pH 340) from the soil slurries.  
The mean pH was calculated per lake profile by calculating the H+ ion content with equation 
4.2., then calculating the average of H+ contents and finally calculating mean pH by a negative 
logarithm of the mean H+ content. 
Equation 4.2. H+ = 10^(pH) 
 
4.4.2. Gravimetric soil water content 
Soil water content was measured by calculating the weight difference between wet and dried 
soil. Wet soil (15 g) was weighed into petri dishes or tin cups. If the amount of soil sample was 
very little, only 10 g of soil was used. The soils were dried in a Thermaks drying oven at 65 °C 
until dry, or until the samples reached a constant weight. The dry weight of the samples was 
measured and the soils were stored in paper bags for further analyses (see below). 
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The water content of the samples was calculated by subtracting the weight of the dry soil from 
the wet soil (Equation 4.3.). 
Equation 4.3. 𝑆𝑜𝑖𝑙 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  
𝐹𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)− 𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝐹𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
∗ 100 % 
 
4.4.3. Soil organic matter (SOM) 
For SOM analysis we used the same soil that was previously used in the water content analysis. 
Before the analysis the soil samples were dried in a drying oven (Thermaks) at 65 °C for 24 
hours. The temperature of 65 °C was used because the samples were expected to have more 
than 20 % organic matter content, which might burn at higher temperatures. After drying, the 
samples were placed in a desiccator to prevent any contact with moisture. 
Empty crucibles were heated in a Nabertherm Laboratory Furnace B170 muffle oven in 550 °C 
for 1 hour to remove moisture and remains of organic matter from the crucibles. Crucibles were 
left to cool down in the oven for two hours and then transferred into a desiccator. 
Only 16 crucibles were treated at a time because of the limited space in the muffle oven. Empty 
crucibles were weighed with a microbalance. Crucibles were handled with protective gloves to 
prevent any contamination from bare hands. Soil samples were ground in the paper bags by 
hand. Crucibles were filled with the soil samples up to 2/3 of the volume of the crucible 
(approximately 1 gram of soil) and weighed again. Filled crucibles were placed back into the 
desiccator. 
Samples were transferred from the desiccator to the muffle oven with tongs and burned in the 
oven in 550 °C for 2 hours. After burning crucibles were left inside the oven for 2 hours to cool 
down to below 300 °C and then moved to the desiccator. The final weight of the remaining soil 
material was taken. 
The results were calculated by using Equation 4.4. and 4.5. 
Equation 4.4. Ash (%) = 
(𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝑎𝑠ℎ (𝑔)−𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑛 𝑒𝑚𝑝𝑡𝑦 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 (𝑔))
𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)
∗ 100 
Equation 4.5. Loss of ignition (%) = Organic matter content = 100 – ash (%) 
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4.4.4. Carbon content, nitrogen content and C:N ratio 
For analysis of carbon and nitrogen content we used the soil that was dried for SOM analysis 
at 65 °C for 24 hours. After drying the soil was stored in paper bags in room temperature. The 
soil was ground with a Retsch MM301 grinder for the analysis. Soil volume equivalent to 1 ml 
was sampled into a 2 ml Eppendorf vial with one grinder ball. The vials were shaken in the 
grinder for 3 minutes, 30 shakes per second. The grinder ball was removed after the grinding. 
Eppendorf vials were opened and put into a desiccator for one week to ensure that there was no 
moisture in the samples. A subsample of soil (5-7 mg) was weighed into tin cups. The tin cups 
were folded close with tweezers, rolled to tight balls and put into clean 1.5 ml Eppendorf vials 
to a desiccator. 
Samples were sent to University of South Bohemia, Department of Ecosystem Biology in České 
Budějovice, Czech Republic for the elemental analysis. The analysis was performed by Ville 
Närhi from 6th to 7th November 2014. Total nitrogen (Ntot) and total carbon (Ctot) were analysed 
with an elemental analyser (Vario micro cube, Elementar Analyser system GmbH, Germany).  
The results were calculated by first calculating the percentage of carbon and nitrogen in the 
sample from the original weight of the analysed sample. The C/N ratio was then calculated by 
dividing the average carbon content (%) of two subsamples by the average nitrogen content (%) 
of two subsamples (Equation 4.6., 4.7. and 4.8.). 
Equation 4.6. Carbon content (C%) = Total carbon / Weight of the sample * 100 % 
Equation 4.7. Nitrogen content (N%) = Total nitrogen / Weight of the sample * 100 % 
Equation 4.8. C/N ratio = 
(%𝑎 + 𝐶%𝑏)/2
(𝑁%𝑎+𝑁%𝑏)/2
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4.4.5. Volumetric water content 
Volumetric water content was measured from the exposed soil of the lake walls right after the 
flux measurements in order to determine the exact water content of the soil at the moment when 
the fluxes were measured. Volumetric soil moisture content was measured with a soil moisture 
meter (Delta-T Devices, Cambridge, UK) from the upper 6 cm of the soil in the middle of the 
static chamber plot. 
The moisture results were calibrated using soil specific calibration values a0 = 1.539 and a1 = 
7.580 for permafrost peat. The actual moisture content (cm3cm-3) of the soil was derived from 
the moisture meter results (mV) by equation 4.9. 
Equation 4.9. θV=(((1,07+6,4*(moisture/1000)-6,4*(moisture/1000)2+4,7*(moisture/1000)3)-
a0)/a1) 
 
4.4.6. Soil temperature 
Soil temperature was measured from the static chamber plots after the flux measurements from 
different depths. The soil temperature meter (Tenma-72-2060 equipped with Fluke 80 PK-22 
temperature probe) was pressed into the soil to 2, 5, 10 and 20 cm and the soil temperature was 
noted down. 
 
4.4.7. Water-filled pore space (WFPS) 
The oxygen conditions in the soil were studied by calculating the water-filled pore space 
(WFPS), which tells how much water there is in the soil and thus also indicates the oxygen 
availability. 
The WFPS was calculated with equation 4.10. (Haney and Haney, 2010). Porosity of the soil 
was not measured from the lake walls and thus the porosity of peat circles was used instead in 
the calculations. 
Equation 4.10. WFPS(%) = θV / St * 100 
 θV = Volumetric water content (cm3 H2O cm-3) 
 St = Total porosity (cm
3cm-3) 
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4.5. SOIL WATER SAMPLING 
Water samples were collected in order to measure the ammonium and nitrate ion concentration 
from the soil. Water samples were collected from each chamber measurement plot after the 
chamber measurements. The Rhizon pore water sampler (Eijkelkamp, The Netherlands) was 
inserted into the soil in the middle of the chamber sampling plot (one sampler per plot) in 
approximately 45° angle, sampling water from the upper 0-10cm of the soil. The soil around 
the water sampling device was gently pressed to prevent air flow from surface to the soil. A 
glass vial (12ml LabcoExetainer) that had been evacuated for 2 minutes, was attached to the 
needle to suck the water from the soil. 
The samplers were left on the plot for four days, after which the sample was collected. If the 
vial was still empty after four days, it was replaced by a fresh evacuated vial. In case the vial 
was only partly filled after four days, the sampling device was left on the plot for another four 
days. 
After sampling, the water samples were poured into 15ml plastic screw-cap vials (SARSTEDT) 
that were closed carefully and put into a refrigerator to wait for transportation to Kuopio. In 
Kuopio the samples were stored in the freezer (- 18 °C). 
Ammonium and NO3
- were detected by spectrophotometrical analysis from the original water 
samples and also from the soil extracts (see below). 
 
4.5.1. Soil extractions (H2O and KCl) 
Soil extractions were prepared in order to extract ions from the soil for NH4
+ and NO3
- analyses. 
Soils were extracted with milli-Q water for nitrate and with potassium chloride (KCl) for 
ammonium analysis. For water extractions the same soil slurries as for the pH measurement 
were used. Two blanks were prepared by measuring 75 ml of milli-Q water into two plastic 
containers. All containers were shaken in the shaker (1 h, 175 rotations per minute). The slurries 
were extracted in extraction funnels through Whatman ashless filter paper (diameter 185 mm), 
that were soaked in milli-Q water, and the extractions were collected into plastic vials (15 ml 
SARSTEDT screw-cap vials). 
The KCl extractions were prepared with 1 M KCl solution. 30 ml of soil was measured to plastic 
containers in two replicates and weighed. The 1 M KCl solution (75 ml) were poured into the 
containers and containers were put in the shaker for 1 hour, 175 rotations per minute. The soils 
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were extracted in the same way as the water extractions, except 1 M KCl solution was used to 
soak the filter papers. All extractions were stored in the freezer (- 18 °C) until further analysis. 
 
4.5.2. Ammonium concentration 
The NH4
+ concentration was determined applying the method introduced by Fawcett and Scott 
(1960). The method was based on the blue colour formation of NH4
+, when it reacts with sodium 
phenate and sodium hypochlorite. The colour formation was enhanced with sodium 
nitroprusside. 
A standard series with ammonium concentrations of 5.0, 2.5, 1.25, 0.625 and 0.3125 mg l-1 was 
prepared from 100 mg NH4
+-N / l ammonium stock solution on the day of analysis. The standard 
series was prepared in 2 ml Eppendorf vials in which the stock solution was diluted to the 
demanded concentrations with fresh milli-Q water. An aliquot of 50 µl of each standard was 
pipetted to the first and last row of wells on the microtiter plate starting from the highest 
concentration. Seven wells after the standard series were used as blanks and left empty. 
The samples were pipetted on 96 well microtiter plates in three replicates in three adjacent 
wells, 50 µl of sample per well. Two microtiter plates were used to be able to treat all the water 
samples at the same time. An aliquot of 50 µl of sodium-phenate, 75 µl of 0.01 % sodium-
nitroprusside and 75 µl of 0.02 M sodium-hypochlorite were pipetted into wells in this order. 
A multichannel pipette was used in order to shorten the time frame of adding the reagents. The 
microtiter plates were incubated at 30 °C for 30 minutes to develop the colour reaction. The 
absorbance was measured within one hour from the incubation with Wallac® 1420 VICTOR2TM 
plate reader at wave length 650 nm. 
The NH4
+ was analysed first from the original water samples. Ammonium concentration was 
noticed to be above the range of the standards and therefore 1:10 dilutions were prepared from 
the samples in plastic vials (15 ml SARSTEDT screw-cap) by mixing 500 µl of sample with 
4.5 ml of fresh milli-Q water. The dilutions were analysed following the same procedure. 
Furthermore, the NH4
+ concentration was measured from the KCl soil extractions. A 1:10 
dilutions were prepared and analysed also from the KCl extractions. For extractions, 1 M KCl 
was used for dilutions instead of milli-Q water and four microtiter plates were treated 
simultaneously instead of two. Extraction replicates were treated on different microtiter plates, 
the plates 1 and 2 for A replicates and plates 3 and 4 for B replicates. 
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After the spectrophotometric analysis, a standard curve was drawn per plate and intercept was 
set to zero. If the absorbance of the replicate was not in the range of the standard series, the 
replicate was discarded. Average absorption of the blank wells was subtracted from the sample 
absorptions. The NH4
+ concentration was calculated with the standard curve. Concentrations of 
the dilutions were multiplied by a dilution factor of 10 to attain the concentration of the original 
sample. An average was calculated per plot for water samples and extractions. 
 
4.5.3. Nitrate concentration 
The NO3
- concentration was determined according to the simple spectrophotometric method by 
Miranda and others (2001). In this method the NO3
- in the sample was reduced to nitrite (NO2
-
) with vanadium-III-chloride (VCl3), nitrite was dyed and then the colour formation was 
measured by spectrophotometric analysis. 
A standard series of NO3
- concentrations of 500, 250, 125, 62.5, 31.25, 15.63, 7.81 and 3.91 
µmol l-1 was prepared from a nitrate stock solution (100 mmol l-1 of nitrate) into 2 ml Eppendorf 
vials. An aliquot of 100 µl of each standard was pipetted in the first and last rows of the 96-
well microtiter plate from the highest to the lowest concentration. The rest four wells in the row 
were left empty as blanks. An aliquot of 100 µl of each sample was pipetted into the wells in 
three adjacent replicates. 
Griess reagent was prepared by mixing 1:1 of Griess reagent 1 and Griess reagent 2. Well mixed 
Griess reagent (100 µl) was pipetted to the wells using a multichannel pipette. After this 20 µl 
of VCL3 was pipetted to each well with a multichannel pipette, the plates were covered with 
aluminium foil and incubated at 37 °C for 90 minutes. After incubation the absorbance was 
measured at 544 nm with Wallac 1420 VICTOR2TM plate reader. 
The NO3
- concentration was first analysed from the original water samples. High NO3
-
concentrations were observed and thus the NO3
-analysis was performed also for the same 1:10 
dilutions of the water samples that were previously prepared for ammonium analysis. 
Furthermore, the NO3
-concentration was analysed from the H2O soil extractions. Also the 
extractions were diluted 1:10 by mixing 500 µl of extraction sample to 4.5 ml of fresh milli-Q 
water and the NO3
-concentration was analysed from the dilutions. The analysis procedure was 
the same for extractions as for water samples except the number of samples was higher for the 
39 
 
extractions and thus four microtiter plates were used at a time instead of two, which might have 
affected the timing of adding the reagents. 
A standard curve was determined per plate and the intercept was set to zero. The nitrate 
concentration of the samples was calculated with the standard curve. Concentration results from 
the diluted samples were multiplied by the dilution factor 10. Only the absorbance values that 
were in the range of the standard values were taken into account. An average was calculated 
per plot for all the extraction replicates and for water sample replicates separately. 
 
4.6. WEATHER VARIABLES 
The air temperature, wind speed, photosynthetically active radiation (PAR), precipitation and 
relative humidity were measured with a weather station located close to the study lakes. The 
weather station was equipped with Campbell 23x data logger. Air temperature was measured 
with Rotronic Hygromer MP100A (Hayward, CA, USA) and precipitation with Davis 7852 
Rain Collector II (Hauppage, NY, USA). 
The average air temperature was calculated for the study period. Cumulative precipitation was 
calculated for the study period. The weather variables were compared with weather data from 
the last two weeks of July in 2008, 2010, 2011, 2012 and 2013 (see results). 
 
4.7. MAPPING 
The locations and size of the non-vegetated lake walls were studied from the three study lakes 
and also from further thermokarst lakes and ponds in the vicinity of the study lakes. This was 
done in order to get a better estimate on the areal coverage of thermokarst lake walls and their 
size relative to lake abundance. The locations of the lake wall profiles were noted down with 
GPS (Garmin GPSmap 60CSx).The height of each lake wall profile was measured with a ruler 
and the orientation was noted down. Several profiles were measured from long lake walls to 
catch the height fluctuation of the walls for better area estimation. In total, 83 lake wall 
segments were studied. 
The locations of the lake walls were mapped with ArcMap 10 for Windows. The length of the 
lake wall segments was measured with ArcMap tools. The area of the lake walls was calculated 
by multiplying the length with the height of the segment. The area was calculated for each 83 
lake wall segments separately and the areas were then summed up. 
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4.8. STATISTICAL ANALYSIS 
Statistical analysis was performed with IBM SPSS Statistics 21 for Windows. The means, 
standard deviations and standard errors of soil properties were calculated per lake using one 
sample t-test. 
Correlation was analysed to determine the soil properties or weather variables that affect the 
gas fluxes. The replicates were averaged per plot before the analysis. The correlation between 
gas fluxes and soil properties together with weather variables was tested with Pearson’s 
correlation analysis (2-tailed). Also, the correlation between soil gas concentrations and soil 
properties was tested with the same Pearson’s correlation analysis. The correlations were tested 
for each lake separately and for all the lakes together. 
Furthermore, the data was analysed in relation to the soil layers. For the statistical analysis the 
data was grouped into top soil (depth of 0 – 50 cm), middle layer A (50 – 100 cm), middle layer 
B (100 – 200 cm) and bottom soil (200-300 cm). The correlation between the layers was tested 
with Pearson’s correlation analysis. 
Significance levels of 99 % (p < 0.01) and 95 % (p < 0.05) were used in correlation analyses. 
The graphs were drawn with SigmaPlot 13.0 for Windows. 
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5. RESULTS 
5.1. WEATHER VARIABLES 
The average air temperature for the eleven days’ study period (from 20th to 30th July 2014) was 
7.8 °C with the highest daytime temperature of 19.5 °C and the lowest nighttime temperature 
of 0.1 °C.  
The wind speed was 0 – 7.5 m s-1 and the relative humidity fluctuated from 42.2 to 98.9 %. Day 
time average (from 8 am to 8 pm) for PAR was 570.1 µmolm-2s-1. Cumulative precipitation for 
the eleven study days was 26.7 mm.  
 
5.2. SOIL PROPERTIES 
The three studied thermokarst lake walls resembled each other greatly in terms of soil 
properties. They all consisted of peat with an average gravimetric water content of 
approximately 78 % and soil organic matter content close to 95 %. Carbon content was around 
51 % and nitrogen content approximately 2 % in all the soils sampled. The average C/N ratio 
was 23.1 and average pH was 4.5 (Table 5.1.A). 
Comparison of the soil layers revealed that the different soil layers in lake walls had evidently 
different soil properties (Table 5.1.A). In general, the soil organic matter content decreased, 
whereas pH increased with depth. The water content was the lowest in the top soil and increased 
in the deeper layers. The C/N ratio was also higher in deeper layers with the exception of the 
deepest soil layer. One-way ANOVA test confirmed that the layers differed in soil organic 
matter, pH, water content, nitrogen content and C/N ratio (p < 0.05).Concentrations of the 
ammonium and nitrate were both higher below 50 cm depth than in the top soil, but the 
difference was not statistically significant. 
The WFPS ranged from 11 to 67 % with an average of 32 ± 2 %. It was highest in the top 0 - 
50 cm, where the average was 43 % and decreased to approximately 30 % in the lower layers 
(Table 5.1.A). 
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Table 5.1.A. Soil properties by the soil depths and on average. SOM (%), pH, gravimetric water 
content (%), C %, N %, C/N ratio, and WFPS (± SE) of all three lakes and profiles are shown. 
Depth measurements start from the top of the lake wall (surface). 
Depth SOM (%) pH H2O (%) C (%) N (%) C/N 
WFPS 
(%) 
0-50 cm 96.8 ± 0.4 3.9 ± 0.2 74.7 ± 0.8 52.6 ± 
0.36 
2.67 ± 
0.1 
19.8 ± 
0.6 
43.2 ± 
4.2 
50-100 cm 96.0 ± 0.3 4.5 ± 0.2 78.3 ± 0.6 51.4 ± 
0.36 
2.20 ± 
0.1 
23.9 ± 
1.8 
29.5 ± 
3.7 
100-200 cm 95.4 ± 0.3 4.7 ± 0.1 80.0 ± 0.8 51.1 ± 
0.24 
2.12 ± 
0.1 
24.6 ± 
1.3 
30.4 ± 
3.9 
200-300 cm 92.2 ± 2.4 4.7 ± 0.2 78.2 ± 0.9 50.5 ± 
1.40 
2.24 ± 
0.1 
22.8 ± 
1.4 
26.3 ± 
3.8 
Average 94.7 ± 0.4 4.5 ± 0.1 78.2 ± 0.3 51.3 ± 0.3 2.27 ± 
0.1 
23.1 ± 
0.5 
32.0 ± 
2.2 
 
Table 5.1.B. Soil temperatures in 2, 5, 10 and 20 cm (± SE) and the NH4
+ and NO3
- 
concentrations from the extractions (mg g-1) by the soil depths and on average. 
Depth T (2 cm) T (5 cm) T (10 cm) T (20 cm) 
NH4
+  
(µg g-1) 
NO3
-  
(µg g-1) 
0 - 50 cm 13.5 ± 1.2 11.9 ± 1.0 9.3 ± 0.6 5.7 ± 0.5 43.2 ± 4 15.3 ± 3 
50 - 100 cm 13.6 ± 1.4 12.5 ± 1.1 9.5 ± 0.8 5.6 ± 0.6 149 ± 43 22.9 ± 3 
100 - 200 cm 12.3 ± 0.8 11.1 ± 0.6 8.8 ± 0.5 5.4 ± 0.5 204 ± 40 34.4 ± 7 
200 - 300 cm 13.2 ± 1.4 12.0 ± 1.1 9.5 ± 0.7 6.5 ± 0.4 145 ± 32 59.9 ± 20 
Average 13.0 ± 0.5 11.8 ± 0.4 9.2 ± 0.3 5.7 ± 0.3 145 ± 20 33.4 ± 5 
 
Soil temperature decreased horizontally from the lake wall surface to the deeper soil (Table 
5.1.B.). The average surface temperature in 2 cm depth was 13.0 ± 0.5 °C and it decreased 
steadily towards the deeper soil. In 20 cm depth the average soil temperature was 5.7 ± 0.3 °C 
and in some cases even the permafrost was reached. There were no significant differences in 
soil temperature between the lake walls or between the vertical soil layers. 
The results of NH4
+ and NO3
- analysis from soil water samples and soil water extractions were 
comparable, although the NO3
- concentrations were generally much lower in the soil extractions 
than in the soil water samples. Since the soil water sampling from Lake III was unsuccessful, 
the NH4
+ and NO3
- concentration were mainly studied from the soil extractions. 
According to the soil extraction analyses, the average nitrate concentration was 0.033 mg NO3
-
-N/g, although the concentration varied largely from 0.005 to 0.182 mg NO3
--N/g. The 
ammonium concentrations fluctuated from 0.028 to 0.470 mg NH4
+-N/g with an average of 
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0.145 mg NH4
+-N/g. However, there was no significant difference between the lake walls or 
along the depth profile. 
Comparison of the Lake walls I, II and III with one-way ANOVA analysis showed that in terms 
of soil properties the lake walls differed significantly from each other only by their pH and 
ammonium concentration (p < 0.05). The average pH was 4.9 for Lake Wall I, 4.2 for Lake 
Wall II and 4.5 for Lake Wall III. On average, the NH4
+ concentration was the highest in Lake 
I (average 0.204 mg NH4
+-N /g) and lower in Lake II and Lake III (0.087 and 0.145 NH4
+-N 
/g, respectively). 
 
5.3. SOIL GAS CONCENTRATION 
The concentration of N2O, CH4 and CO2 all increased in the soil with depth (Figure 5.1.).  The 
average concentrations of the gases in different depths are shown in table 5.2. 
Table 5.2. Average concentrations of N2O, CH4 and CO2 in the soil in 5, 10 and 20 cm (mean 
+/- SE), and an average of all depths. The atmospheric concentrations of GHGs are given in 
the last column (IPCC, 2013; Hartmann et al. 2013). 
 5 cm 10 cm 20 cm Average 
Atmospheric 
concentration 
Soil N2O, ppb 452 ± 5 464 ± 7 494 ± 12 470 ± 5 324 
Soil CH4, ppm 2.23 ± 0.04 2.51 ± 0.11 3.23 ± 0.33 2.66 ± 0.12 1.80 
Soil CO2, ppm 603 ± 21.1 716 ± 29.6 818 ± 42.1 712 ± 19.9 390 
 
5.3.1. Nitrous oxide 
The N2O concentration in the soil ranged between 0.420 and 0.759 ppm. The average 
concentration in the soil was 0.470 ± 0.005 ppm, and thus higher than in the air (0.324 ppm; 
IPCC, 2013; Hartmann et al. 2013). The concentration increased with depth. 
Based on Pearson’s correlation analysis, N2O concentration was positively correlated with 
volumetric water content, soil temperature until 10 cm, air temperature and CO2 concentrations 
in the soil at 0.01 level of confidence. Ammonium concentration, pH, relative humidity of the 
air and wind speed correlated negatively with the N2O concentration (Table 5.3). The N2O 
concentration was positively correlated with N2O fluxes at 0.01 confidence level only at 10 and 
20 cm depth, but not in topsoil in 5 cm. 
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According to one-way ANOVA analysis, the soil layers did not differ from each other in terms 
of N2O concentration. However, the three study lakes were found different at 95 % confidence 
interval of difference. The concentration of the studied lake walls are depicted in figure 5.1. 
 
5.3.2. Methane 
Methane concentration fluctuated from 1.50 to 10.5 ppm with an average of 2.66 ± 0.12 ppm, 
which was higher than the atmospheric concentration of 1.80 ppm (IPCC, 2013; Hartmann et 
al. 2013). Concentration increased with depth. One-way ANOVA analysis showed that the 
methane concentrations were significantly different by lake wall (Figure 5.1., page 45), but not 
by soil layer. 
According to Pearson’s correlation analysis, there was significant positive correlation between 
CH4 concentrations in the soil and pH as well as ammonium concentration at 0.01 level. Air 
and soil temperature had significant positive correlation with only top soil methane 
concentration (Table 5.3). Methane flux correlated positively only with concentration in 10 and 
20 cm, but not with concentrations close to the surface. 
 
5.3.3. Carbon dioxide 
Carbon dioxide concentration varied largely from 52.2 to 1822.1 ppm, with an average of 712 
± 19.9 ppm. Hence, the concentration was higher in the soil than in the atmosphere (390 ppm; 
IPCC, 2013; Hartmann et al. 2013). Carbon dioxide concentration also increased with depth 
and was significantly different by study lakes (Figure 5.1., page 45) but not by soil layers (one-
way ANOVA). 
According to Pearson’s correlation analysis, the CO2 concentration was positively correlated 
with volumetric water content, soil temperature, CO2 fluxes, N2O fluxes, N2O concentration in 
the soil, air temperature and PAR. The level of significance changed by depth. Ammonium 
concentration, pH, precipitation, relative air humidity and wind speed correlated negatively 
with CO2 concentration at 0.05 level (Table 5.3.). 
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Figure 5.1. 
Soil gas concentrations in 
the three studied lake walls 
in three different depths. 
Concentrations are 
presented as averages +/- 
standard errors (SE). 
Atmospheric concentrations 
of the gases are shown as 
reference lines. 
a) N2Oconcentration 
b) CH4 concentration 
c) CO2 concentration 
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Table 5.3. Correlations of the soil gas concentrations with soil properties. ** = 
positive/negative correlation at 0.01 level of confidence. * = positive/negative correlation at 
0.05 level of confidence. 0 = no significant correlation. 
 Soil N2O conc. Soil CH4conc. Soil CO2 conc. 
pH – * +** – * 
Volumetric water content +** 0 +** 
Soil organic matter (SOM) 0 0 0 
Ammonium (NH4
+) – ** +** – * 
Nitrate (NO3
-) 0 0 0 
C % – * 0 0 
N % 0 0 0 
C/N ratio 0 0 0 
Soil temperature +** +* +** 
 
5.4. FLUXES 
There was both positive and negative fluxes of N2O, CH4 and CO2 (Figure 5.3., page 47). In 
general the fluxes were positive, although not very high. The fluxes differed by lake, but not 
significantly (Figure 5.2.). 
 
Figure 5.2. N2O, CH4 and CO2 fluxes per lake walls and the average fluxes. 
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Figure 5.3. 
N2O, CH4 and CO2 fluxes for 
the three study lake walls. The 
linear regression (f = y0+a*x) 
of the fluxes was calculated for 
all the walls together. 
a) N2O flux. R
2 = 0.1645. p = 
0.0057. y0 = 95.3187. a = 
269.3206. 
b) CH4 flux. R
2 = 0.0002. p = 
0.9225. y0 = 120.6085. a = 
0.8053. 
c) CO2 flux. R
2 = 0.0246. p = 
0.3096. y0 =109.0543. a = 
0.1334. 
 
48 
 
5.4.1. Nitrous oxide 
Nitrous oxide fluxes ranged between an uptake of - 0.0655 mg N2O m
-2 d-1 to a release of 0.585 
mg N2O m
-2 d-1, with an average of 0.0958± 0.018mg N2O m
-2 d-1. Even though the flux was 
small, it was statistically different from zero (t-test, p < 0.05). The N2O emissions were the 
lowest in the topmost soil layer and generally increased in the deeper layers towards the bottom 
of the profile (Figure 5.3., page 47). One-way ANOVA test revealed that there was a significant 
difference between the layers (p < 0.05), but not between the lake walls. 
Besides the depth, N2O flux was also positively correlated (Pearson’s correlation, 2-tailed) with 
soil nitrate concentration and air temperature (p < 0.01) and with soil temperature in 2 and 5 
cm (p < 0.05). Negative correlation was found with relative air humidity and total soil carbon 
content (p < 0.01) and with soil organic matter (p < 0.05). Nitrous oxide fluxes were also 
correlated with high N2O concentration in the soil in 10 and 20 cm (p < 0.01) (Table 5.4.). 
 
5.4.2. Methane 
Methane emissions were on average 0.624 ± 0.222 mg m-2 d-1. However, the fluxes ranged from 
– 4.122 mg m-2 d-1  uptake to 4.852 mg m-2 d-1  release. 
Pearson’s correlation analysis (2-tailed) showed positive correlation for methane flux with pH 
and ammonium concentration (p < 0.01). The methane flux was also positively correlated with 
the methane concentration in the soil, in 10 cm at 0.05 and in 20 cm (p < 0.01). Negative 
correlation was observed with soil temperature in 20 cm, but not in other depths (Table 5.4.). 
According to one-way ANOVA analysis, the lake walls or the soil layers did not differ 
significantly in terms of methane fluxes (Figure 5.3.). 
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5.4.3. Carbon dioxide 
Carbon dioxide fluxes based on EGM measurements ranged from -112.4 to 356.2 mg m-2 d-1, 
with an average of 99.9 ± 14.3 mg m-2 d-1. 
Pearson’s 2-tailed correlation analysis showed positive correlation for CO2 flux with air 
temperature and N2O flux (p < 0.01). Volumetric water content and soil temperature at 2 and 5 
cm were positively correlated at 0.05 level. Also, the CO2 concentration in the soil in 5, 10 and 
20 cm had significant positive correlation with the CO2 fluxes. Negative correlation was 
discovered for relative humidity (p < 0.01) and wind speed (p < 0.05). (Table 5.4.) 
One-way ANOVA analysis showed that the CO2 fluxes were different by lake walls with 95 % 
confidence interval of difference (Figure 5.3.). However, the different depth layers did not differ 
significantly. 
 
Table 5.4. Correlation of the fluxes with soil properties and soil gas concentrations (Pearson`s, 
2-tailed). ** = positive/negative correlation at 0.01 level of confidence. * = positive/negative 
correlation at 0.05 level of confidence. 0 = no significant correlation. 
 N2O flux CH4 flux CO2 flux 
pH 0 +** 0 
Volumetric water content 0 0 +* 
Soil organic matter (SOM) – * 0 0 
Ammonium (NH4
+) 0 +** 0 
Nitrate (NO3
-) +** 0 0 
C % – ** 0 0 
N % 0 0 0 
C/N ratio 0 0 0 
Soil temperature +* 0 +* 
Soil N2O concentration +** 0 0 
Soil CH4concentration 0 +** 0 
Soil CO2concentration +* 0 +** 
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5.4.4. Global warming potential of all three greenhouse gases emitted from lake walls 
The global warming potential (GWP) of the fluxes is shown in Figure 5.3., expressed as CO2-
equivalents. The CO2 emissions from the thermokarst lake walls had the highest GWP, followed 
by N2O and CH4. 
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Figure 5.4. The average N2O, CH4 and CO2 fluxes from the lake walls (left graph; see figure 2) 
and the same fluxes expressed as CO2-equivalent units (right graph)+/- standard errors (SE). 
Note the difference in the scales. 
 
5.5. GENERAL CHARACTERISTICS OF THE LAKE WALLS, MAPPING RESULTS 
AND UPSCALING APPROACHES 
A total of 83 lake wall segments were mapped (Figure 5.4.) from the study area of 4.2 km2. 33 
of the segments were on the Lake walls I, II and III. The rest 50 lake wall segments were located 
in the vicinity of these lake walls. 
The lake walls in the area were mainly located on the shoreline of the lakes. Some of the walls 
were also located next to rivers or over-grown ponds. Comparison with soil type map showed 
that most of the thermokarst lakes with eroded, exposed lake walls were located in the middle 
or on the edge of the peat plateau, underlain by cryi-folic histosols (permafrost affected peat 
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soils). Lake walls I, II and III were all located on cryi-folic histosols and the total area of them 
was approximately 2960 m2 (Table 5.5.). 
Table 5.5. Areal analysis of the lake walls I, II and III. 
 
According to the soil map, most of the lake walls in the area were located on cryi-folic histosols. 
The total area of the lake walls on cryi-folic histosols was roughly 4 800 m2 (Table 5.6.). 
However, 15 of the studied lake wall segments were on groundwater affected organic soils 
(histic gleysols) and on horizontally uncharacterized permafrost affected organic soils (folic 
cambisols, turbi-gelic), although they visually appeared to be similar than the other lake walls. 
The total area of the lake walls on soils other than cryi-folic histosol was approximately 1130 
m2 (Table 5.6.). 
All in all, the total area of the lake walls was approximately 6 000 m2 in the study area of 4.2 
km2. The average height of walls was 2.4 meters. 
Table 5.6. Areal analysis of all the 83 studied lake wall segments. The lake walls I, II and III 
are included in cryi-folic histosol walls. 
 n Average 
height (m) 
Total 
length (m) 
Lake wall area 
(m2) 
Study area 
(m2) 
 Walls on cryi-folic 
histosol 
68 2.4 1760.9 4819.5  
Walls on other soils 15 2.2 480.3 1127.0  
Total 83  2 241.2 5 946.4 4 200 000 
 
The location of the lake walls did not seem to relate to any specific vegetation type. 
  
 n Average height (m) Length (m) Total area (m2) 
Lake wall I 10 2.7 242.5 821.4 
Lake wall II 10 2.2 274.9 641.2 
Lake wall III 13 3.0 471.0 1495.2 
Total 33  988.3 2957.9 
Average 11 2.6 329.4 986.0 
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Figure 5.5. The locations of the mapped lake walls (red dots/lines). The sampled 9 lake profiles 
are marked in the map with green dots. The roman numbers indicate the Lake walls I, II and 
III. The scale of the map is 1:11 000. 
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The total length of the lake wall shorelines was 2.24 km and the height of the walls ranged from 
1 to 5 meters (average 2.4 m). The total surface area of them was approximately 5950 m2 in the 
study area of 4.2 km2. This result of the area is only a rough estimation, since the lake walls 
were not smooth surfaces and measuring of the height was difficult due to the easily breaking 
peat walls. Also, the data provided for mapping was not completely up to date and there had 
been some changes in the shorelines of the lakes, and therefore the exact locations and therefore 
also the lengths of the lake walls might have been partly incorrect in the map. 
The results were upscaled for the whole Seida study region of 98.6 km2. Assuming that the 
study area of 4.2 km2 was somewhat representative to the whole Seida region, the area of the 
studied lake walls was multiplied by areal coefficient of approximately 23, which resulted in 
an estimation of 136 400 m2 lake wall surface per 98.6 km2. Lake walls thus have a coverage 
of 0.14 % in Seida region. 
 
5.6. SPATIAL EXTRAPOLATION OF THE GREENHOUSE GAS FLUXES 
The fluxes per square meter and per study area are described in Table 6. Summing up all the 
fluxes in CO2-equivalents results in a total GHG flux of 144 mg CO2-eq m
-2 d-1.The estimated 
surface area of 5950 m2 resulted into a total GHG flux of 857 g CO2-eqd
-1 for the study area of 
4.2 km2, and for the total Seida region of 98.6 km2 a flux of 19.7 kg CO2-eqd
-1. Fluxes for N2O, 
CH4 and CO2 are shown separately in table 8. 
Table 5.7. Fluxes (±SE) of N2O, CH4 and CO2 per square meter, for the study region of 4.2 km
2 
and for the Seida region of 98.6 km2. 
  N2O CH4 CO2 
Flux (mg GHG m-2 d-1) 0.096 ± 0.018 0.624 ± 0.222 99.9 ± 14.3 
Flux for the study region (g GHG d-1) 0.570 ± 0.107 3.71 ± 1.32 594.4 ± 85.3 
Flux for the Seida region (g GHG d-1) 13.1 ± 2.5 85.1 ± 30.3 13 640 ± 1 960 
Flux for the Seida region (g CO2-eq d-1) 3 890 ± 730 2 130 ± 760 13 640 ± 1 960 
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6. DISCUSSION 
6.1. SOIL PROPERTIES 
The lake walls were rather similar to peat circles in terms of their soil properties. Soil pH was 
higher in the lake walls (close to 4) than in the peat circles (approximately 3.3). Organic matter 
was around 95 %, carbon content 50 – 55 %, nitrogen content close to 2 % and C/N ratio below 
25 in both lake walls and the peat circles (Marushchak et al. 2011), which is an ideal pre-
requisition for N2O to be released (Klemedtsson et al. 2005). The relatively low C/N ratio 
suggests that the soil is nitrogen rich, which is likely caused by the fen-type nature of the peat 
in the peat plateau (see below). The NH4
+ concentration in the lake wall soils was high 
compared to the peat circles. NO3
- concentration was also generally higher than in peat circles, 
although the difference was much smaller than for NH4
+. (Table 6.1.). Nutrients were thus 
sufficiently available for N2O production in soils exposed at the lake walls. 
Table 6.2. Average soil properties of the lake walls compared to the peat circles (Marushchak 
et al. 2011). 
 pH SOM (%) C (%) N (%) C/N NH4
+-N (mg g-1) NO3
--N (mg g-1) 
Lake walls 4.1 95 51 2.3 23 0.145 0.033 
Peat circles 3.3 95 54 2.2 24 0.024 0.012 
 
The soil layers differed in SOM, pH, water content, nitrogen content and C/N ratio. The SOM 
decreased with depth, since the organic matter in the older and deeper layers has been decaying 
for a longer period of time. The pH was the lowest in the top soil and increased towards the 
deeper layers, which is caused by the accumulation of humic acids due to decomposition. The 
water content was the lowest close to the surface, where the evapotranspiration is the largest. 
Nitrogen content was the highest in the top soil and got lower in the deeper layers, because of 
the nitrogen input by plants and litter in the top soil above the lake walls. 
The C/N ratio was overall quite low throughout the layers, but got slightly higher in deeper 
layers, probably because of carbon degradation during decomposition processes. In uplifted 
peatlands the top layers are usually nutrient poor bog-type peat with high C/N ratio and the 
deeper layers are nutrient rich fen-type peat with low C/N ratio. According to the low C/N ratio, 
the peat in the lake walls is likely fen-type peat and the absence of nutrient poor bog-type peat 
could be explained by erosion of the top layers (Ronkainen et al. 2015). 
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The WFPS was 32 ± 2 % on average, which indicates that oxygen was well available in the soil 
in most of the measurement points. Compared to peat circles, where WFPS can be close to 70 
% (in 2007 – 2008; Marushchak et al. 2013), the WFPS values of the lake walls were very low. 
In 2014, however, the WFPS was low also in peat circles, in the same range as in the lake walls. 
The low WFPS can be partly caused by the unvegetated steep horizontal profile, which allows 
the water to run off easily. Also, unlike in peat circles, there is no horizontal layer of permafrost 
under the thawing soil to prevent the run off. 
 
6.2. FLUXES 
6.2.1. Nitrous oxide flux 
The lake walls have many characteristics that support N2O production: absence of vegetation 
preventing nitrogen uptake, C/N ratio below 25 and comparatively high concentrations of NH4
+ 
and NO3
-, all characteristics which resemble the N2O hotspots peat circles. Still, the average 
N2O flux (0.0958 ± 0.018 mg N2O m
-2 d-1) was very low compared to the fluxes from the peat 
circles in the previous years (10.30 ± 4.45 and 8.11 ± 3.72 mg N2O m
-2 d-1 in 2007 and 2008, 
respectively; Marushchak et al. 2011). Nevertheless, the average N2O flux from the lake walls 
was mostly positive from the soil to the atmosphere, and significantly different from zero. 
The observed positive N2O flux is a result of the gas movement in the soil by physical diffusion. 
As shown in Table 5.2., the concentration of N2O in soil gas was higher than the average 
atmospheric concentration and thus the direction of the diffusion is from the soil to the 
atmosphere. 
One reason for the relatively low fluxes could be the weather, which was rather cold during our 
sampling period compared to the previous years, which has likely affected the fluxes. The 
average air temperatures for the last two weeks of July in the study area ranged from 11.4 to 
21.4 °C since 2008, which is much higher than the average air temperature of 7.8 °C in 2014 
(Figure 6.1.). Also, the temperature was relatively low compared to the long term averages 
(1977 – 2006) of the air temperature in July, 13.0 °C, and August, 9.6 °C, in the region. The 
study period in 2014 had higher cumulative precipitation than in average, although the 
precipitation fluctuates largely between the years. 
Fluxes were measured from the peat circles also in 2014 at the same time than the lake wall 
measurements, and these fluxes were also considerably lower than in the previous years, 
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approximately only 1.75 mg N2O m
-2 d-1 (Voigt, unpublished results). Anyhow, the fluxes from 
the lake walls did not reach the same magnitude of N2O as the peat circles even if compared 
with the same year’s results. In fact, they were one order of magnitude lower. 
 
Figure 6.3. Temperature and precipitation in the study area during the last two weeks of July 
from 2008 to 2014. There was no data from the year 2009. The averages of the air temperature 
and cumulative precipitation in 2008 – 2013 (± SE) are on the right. 
 
Compared to other known Arctic sources of N2O (Table 6.2.), the fluxes from the lake walls 
were not high. Nevertheless, they were still positive and measurable fluxes. Considering that 
until now, N2O fluxes from the Arctic have been negligible or close to zero (e.g. Martikainen 
et al. 1993), the lake walls certainly constitute another source of N2O from permafrost regions. 
Nitrous oxide fluxes in a similar range than in the lake walls have been also reported from 
drained boreal peat soils (−0.03 to 0.92 g m−2 yr−1; Ojanen et al. 2010) and also from vegetated 
peat plateau (0.06 ± 0.04 mg N2O m
-2 d-1; Marushchak et al. 2011). Keeping in mind that the 
fluxes are likely much higher during warmer weather conditions, the N2O fluxes from the lake 
walls are in fact noteworthy despite of their rather low magnitude.  
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Table 6.2. Arctic sources of N2O and their WFPS % (± SE). 
 
N2O flux  
(mg N2O m
-2 d-1) 
WFPS 
(%) 
Reference 
Bare palsas 2009 2.6 ± 0.8 33 ± 3 Marushchak et al. 2011 
Vegetated palsas 2009 0.2 ± 0.1 17 ± 4 Marushchak et al. 2011 
Peat mounds 2008 1.08 ± 0.50 19 ± 1 Marushchak et al. 2011 
Peat circles 2007 10.30 ± 2.57 76 ± 1 Marushchak et al. 2011 
Peat circles 2008 8.11 ± 2.14 70 ± 2 Marushchak et al. 2011 
Peat circles 2011 0.8 ± 0.1 62 ± 1 Gil Lugo, unpublished results 
Peat circles 2014 1.75 ± 1.23 34 ± 5 Voigt, unpublished results 
Lake walls 2014 0.10 ± 0.018 32± 2  
 
The correlation analysis between the soil properties, soil gas concentrations and N2O fluxes 
indicates the underlying processes of N2O production in the soil. Soil N2O concentration was 
positively correlated with soil temperature, which is the results of increased activity of nitrifying 
and denitrifying microbes at higher temperatures. The low pH did not seem to hamper the 
microbes, and it has been studied that the permafrost peatlands indeed have denitrifying 
microbes that are highly adapted to acidic peat soils (Palmer et al. 2012). Also relatively low 
carbon availability could explain the low fluxes, since the heterotrophic denitrifiers depend on 
organic carbon sources. 
A major reason for low fluxes was probably the oxygen conditions in the soil. High N2O 
production is strongly related to low oxygen availability. Based on the correlation analysis, the 
N2O concentration was positively correlated with volumetric water content. The WFPS in the 
lake walls was low, which indicates that oxygen was well available in the soil, which prevents 
N2O production. The low WFPS in the lake walls allows some N2O production via 
denitrification, but not in greater extent. On the other hand, N2O can also be derived via aerobic 
nitrification, which, however, also results in low N2O emissions. According to Ma and others 
(2007) nitrification is the main process when WFPS is below 60 %, which was the case in 
almost all measurement points. Only one plot had WFPS higher than 60 %, which would 
indicate denitrification being the main N2O pathway. 
58 
 
Regardless of the mechanism behind N2O production, the reason for the low fluxes is likely the 
low production of N2O rather than high consumption. Oxidation of N2O to N2 is probably not 
an important process in the lake walls, since there was a sufficient amount of NO3
- available in 
the soil, which inhibits the reaction. 
 
6.2.2. Methane flux 
Average CH4 flux in the lake walls was 0.624 ± 0.222 mg CH4 m
-2 d-1, which can be considered 
as a very low flux. For comparison, in summer 2014 the peat circles had an average methane 
uptake of 0.032 mg CH4 m
-2 d-1 from the atmosphere (Voigt, unpublished results).However, 
there was fluctuation between positive and negative fluxes in both lake walls and the peat 
circles. For comparison, maximum flux rates of CH4 in the study area have been 10 - 35 mg 
CH4 m
-2 d-1 from water-logged fens (Friborg et al. manuscript). 
It seems that the water content is not high enough and there is too much oxygen available in the 
soil for anaerobic CH4 production in the soils exposed at the lake walls. The whole peat plateau 
has been uplifted above the water-table and soil conditions are thus relatively drier as compared 
to boreal bogs. Correlation analysis showed a positive correlation between the CH4 flux and 
NH4
+ concentration, which is caused by the methane consuming bacteria (methanotrophs), 
which may use ammonium as an energy source instead of CH4, if the NH4
+ concentration is 
high. Thus, the high NH4
+ concentration seems to inhibit the methane consumption in lake 
walls, which leads to some increase in the fluxes. The peat circles had notably lower NH4
+ 
concentrations (Table 6.1.), which might explain why the CH4 flux was relatively higher in the 
lake walls than in peat circles. However, again, CH4 fluxes were generally low in both surfaces 
due to sufficient amount of oxygen, and also due to absence of plants, which can otherwise fuel 
CH4 production. 
 
6.2.3. Carbon dioxide flux 
The average CO2 flux was 99.9 ± 14.3 mg m
-2 d-1. Even though there was both positive and 
negative fluxes, the lake walls seem to be rather a carbon source than a sink. The CO2 flux is 
strongly controlled by the vegetation (e.g. Marushchak et al. 2013) so that lack of vegetation 
usually results in positive CO2 fluxes, if the moisture conditions support oxidation.The negative 
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CO2 fluxes which were sometimes found could be explained by heterotrophic CO2 fixation 
(Šantrůčková et al. 2005).  
Peat circles are the largest single sources of CO2 in Seida region (Marushchak et al. 2013) and 
compared to peat circles the lake walls have very low CO2 flux. In summer 2014 the peat circles 
emitted 2 150 ± 502 mg m-2 d-1 (Voigt, unpublished results), and in 2007 over 4 000 mg m-2 d-
1 (Biasi et al. 2014) which is a twenty to fortyfold stronger flux compared to the lake walls. 
Possible reasons for the difference could be the higher decomposition degree of the deeper peat 
layers exposed at the lake walls, but also the microbial communities in the soil which can differ 
greatly among the soils. Also, the instable nature of the lake walls likely hampers the microbial 
communities in the soil with soil breaking off regularly over the season. This might disturb the 
decomposing microbial communities in lake wall soils and thus influence the mineralization of 
SOM. 
 
6.2.4. Effects on global warming 
Even though the N2O emissions were quantitatively low, the high warming potential of the N2O 
molecule makes the N2O emissions from the lake walls important in respect of global warming. 
Methane emissions were quantitatively larger than the N2O emissions, but the GWP of methane 
is lower and therefore the methane from the lake walls had less impact on the climate than the 
N2O emissions. However, the CO2 had the highest warming effect due to the multifold level of 
the fluxes compared to the N2O and CH4. (Figure 5.4., page 50) 
The estimated area of the lake walls was 136 400 m2 for the Seida region (98.6 km2). Thus the 
lake wall area is approximately 46 % of the area of the peat circles in the Seida region (295 800 
m2). As such, the area is large enough to be significant in terms of coverage, and even a small 
flux adds to the greenhouse gas effect. 
In this research, only the greenhouse gas fluxes of the lake walls themselves were studied. 
However, the collapsing lake walls might also influence the arctic greenhouse gas fluxes by 
adding nutrients to lake water and hence affecting the fluxes from thermokarst lakes. This 
pathway should be studied further in order to fully understand the role of the thermokarst lake 
walls for arctic greenhouse gas balance. 
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7. CONCLUSION 
Taken together, the thermokarst lake walls constitute another arctic source of N2O, although 
not a very large one. To estimate the global warming impact of arctic regions in present and 
future climate, all sources need to be identified and quantified. Even small N2O sources can 
turn out to be important in a global scale, when they add up. 
Even though the measured fluxes were low, the fluxes were probably highly affected by the 
low temperatures. More research is needed under different weather conditions to test the 
temperature dependence of the fluxes. The effect of the temperature can play an important role 
due to the warming climate in the Arctic. 
The oxygen availability seems to be one of the major factors controlling the N2O production in 
the arctic peatlands. The role of the water logging in N2O production should be taken into 
account, when studying other possible sources of N2O in the Arctic. 
Thermokarst lake walls are dynamic systems with regularly breaking walls and this study 
covered only one time point over the lake wall development. The gas exchange might change 
in different stages of lake wall development, which should be studied further. Possibly the 
maximum flux rates from the lake walls were not covered in this single measurement point 
study. 
  
62 
 
  
63 
 
REFERENCES 
Biasi C., Jokinen S., Marushchak M.E., Hämäläinen K., Trubnikova T., Oinonen M. and 
Martikainen P.J. 2014. Microbial respiration in Arctic upland and peat soils as a source of 
atmospheric carbon dioxide. Ecosystems 17, p. 112–126. 
 
Christensen T.R., Michelsen A. and Jonasson S. 1999. Exchange of CH4 and N2O in a subarctic 
heath soil: effects of inorganic N and P and amino acid addition. Soil Biology and Biochemistry 
31, p. 637–641. 
 
Christensen T.R., Friborg T., Sommerkorn M., Kaplan J., Illeris L., Soegaard H., Nordstroem 
C. and Jonasson S. 2000.  Trace gas exchange in a high-arctic valley 1. Variations in CO2 and 
CH4 flux between tundra vegetation types. Global Biogeochemical Cycles 14, p. 701–713. 
 
Drösler M. 2005. Trace gas exchange and climatic relevance of bog ecosystems, Southern 
Germany. Lehrstuhlfür Vegetationsökologie Department für Ökologie. 
 
Elberling B., Christiansen H.H. and Hansen B.U. 2010. High nitrous oxide production from 
thawing permafrost. Nature Geoscience 3, May 2010. DOI: 10.1038/NGEO803. 
 
Fawcett J. K. & Scott J. E. 1960. A rapid and precise method for the determination of urea. 
Journal of Clinical Pathology 13, p. 156–159. 
 
Forster, P., Ramaswamy V., Artaxo P., Berntsen T., Betts R., Fahey D.W., Haywood J., Lean 
J., Lowe D.C., Myhre G., Nganga J., Prinn R., Raga G., Schulz M.  and Van Dorland R., 2007: 
Changes in Atmospheric Constituents and in Radiative Forcing. In: Climate Change 2007: The 
Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of 
the Intergovernmental Panel on Climate Change [Solomon, S., Qin D., Manning M., Chen Z., 
Marquis M., Averyt K.B., Tignor M. and Miller H.L. (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA. 
 
Frey S.D., Lee J., Melillo J.M. and Six J. 2013. The temperature response of soil microbial 
efficiency and its feedback to climate. Nature Climate Change 3, p. 395–398. 
 
Friborg T., Marushchak M.E., Biasi C., Grube Pedersen D., Herbst M., Johansson T., Kiepe I., 
Lind S.E., Martikainen P.J., Virtanen T. and Soegaard H. Methane dynamics in warming tundra 
of Northeast European Russia. Manuscript. 
 
Haney R.L. and Haney E.B. 2010. Simple and rapid laboratory method for rewetting dry soil 
for incubations. Communications in Soil Science and Plant Analysis 41, p. 1493–1501. 
 
Horwath W. 2007. Carbon cycling and formation of soil organic matter. In: Paul E.A. (ed.) Soil 
Microbiology, Ecology, and Biogeochemistry. 3rd edition, p. 303–337. Academic Press, 
Oxford, UK. 
 
Hugelius, G., Virtanen T., Kaverin D., Pastukhov A., Rivkin F., Marchenko S., Romanovsky 
V., and Kuhry P. 2011. High‐resolution mapping of ecosystem carbon storage and potential 
effects of permafrost thaw in periglacial terrain, European Russian Arctic. Journal of 
Geophysical Research 116: G03024. DOI: 10.1029/2010JG001606. 
 
64 
 
Hartmann, D.L., Klein Tank A.M.G., Rusticucci M., Alexander L.V., Brönnimann S., Charabi 
Y., Dentener F.J., Dlugokencky E.J., Easterling D.R., Kaplan A., Soden B.J., Thorne P.W., 
Wild M. and Zhai P.M., 2013: Observations: Atmosphere and Surface. In: Climate Change 
2013: The Physical Science Basis. Contribution of Working GroupI to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., Qin D., Plattner G.-
K., Tignor M., Allen S.K., Boschung J., Nauels A., Xia Y., Bex V.  and Midgley P.M.  (eds.)]. 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA 
 
Jorgenson M.T. and Shur Y. 2007. Evolution of lakes and basins in northern Alaska and 
discussion of the thaw lake cycle. Journal of Geophysical Research 112, F02S17. 
 
Jorgenson M.T., Romanovsky V., Harden J., Shur Y., O’Donnel J., Schuur E.A.G. 2010. 
Resilience and vulnerability of permafrost to climate change. Canadian Journal of Forest 
Research 40, p.1219–1236. 
 
Klemedtsson L., von Arnold K., Weslien P. and Gundersen P. 2005. Soil CN ratio as a scalar 
parameter to predict nitrous oxide emissions. Global Change Biology 11, p. 1142–1147. DOI: 
10.1111/j.1365-2486.2005.00973.x. 
 
Kokelj S.V. and Jorgenson M.T. 2013. Advances in thermokarst research. Permafrost and 
periglacial processes 24, p. 108–119. 
 
Lai D.Y.F., Moore T.R., and Roulet N.T. 2014. Spatial and temporal variations of methane flux 
measured by autochambers in a temperate ombrotrophic peatland. Journal of Geophysical 
Research: Biogeosciences119, p. 864–880. DOI:10.1002/2013JG002410. 
 
Ma W.K., Schautz A., Fishback L-N.E., Bedard-Haughn A., Farrell R.E. and Siciliano S.D. 
2007. Assessing the potential of ammonia oxidizing bacteria to produce nitrous oxide in soils 
of a high arctic lowland ecosystem on Devon Island, Canada. Soil Biology & Biochemistry 39, 
p. 2001–2013. 
 
Martikainen P.J., Nykänen H., Crill P. and Silvola J. 1993. Effect of a lowered water table on 
nitrous oxide fluxes from northern peatlands. Nature 366, p. 51–53. 
 
Marushchak M.E., Pitkämäki A., Koponen H., Biasi C., Seppälä M. and Martikainen P.J. 2011. 
Hot spots for nitrous oxide emissions found in different types of permafrost peatlands. Global 
Change Biology 17, p. 2601–2614. 
 
Marushchak M.E., Kiepe I., Biasi C., Elsakov V., Friborg T., Johansson T., Soegaard H., 
Virtanen T. and Martikainen P.J. 2013. Carbon dioxide balance of subarctic tundra from plot 
to regional scales. Biogeosciences 10, p. 437–452. 
 
McGuire A.D., Christensen T.R., Hayes D., Heroult A., Euskirchen E., Kimball J.S., Koven C., 
Lafleur P., Miller P.A., Oechel W., Peylin P., Williams M. and Yi Y. 2012. An assessment of 
the carbon balance of Arctic tundra: comparisons among observations, process models, and 
atmospheric inversions. Biogeosciences 9, p. 3185–3204. 
 
Miranda K.M., Espey M.G. and Wink D.A. 2001. A rapid, simple spectrophotometric method 
for simultaneous detection of nitrate and nitrite. Nitric oxide: Biology and Chemistry 5, p. 62–
71. 
65 
 
 
Mørkved P.T., Dörsch P., Henriksen T.M. and Bakken L.R. 2006.N2O emissions and product 
ratios of nitrification and denitrification as affected by freezing and thawing. Soil Biology and 
Biochemistry 38, p. 3411–3420. 
 
Nykänen H., Heikkinen J.E.P., Pirinen L., Tiilikainen K. and Martikainen P.J. 2003. Annual 
CO2 exchange and CH4 fluxes on a subarctic palsa mire during climatically different years. 
Global Biogeochemical Cycles 17, p. 1018. DOI: 10.1029/2002GB001861. 
 
Ojanen P., Minkkinen K., Alm J. and Penttilä T. 2010. Soil–atmosphere CO2, CH4 and N2O 
fluxes in boreal forestry-drained peatlands. Forest Ecology and Management 260, p. 411–421. 
 
Palmer K., Biasi C. and Horn M.A. 2012. Contrasting denitrifier communities relate to 
contrasting N2O emission patterns from acidic peat soils in arctic tundra. The ISME Journal 6, 
p. 1058–1077. 
 
Repo M.E., Susiluoto S., Lind S.E., Jokinen S., Elsakov V., Biasi C., Virtanen T. and 
Martikainen P.J. 2009. Large N2O emissions from cryoturbated peat soil in tundra. Nature 
Geoscience 2, p. 189–191. 
 
Robertson G.P. and Groffman P.M. 2007 Nitrogen transformations. In: Paul E.A. (ed.) Soil 
Microbiology, Ecology, and Biogeochemistry. 3rd edition, p. 341–364. Academic Press, 
Oxford, UK. 
 
Rochette P., Ellert B., Gregorich E. G., Desjardins R. L., Pattey E., Lessard R. and Johnson B. 
G. 1996. Nitrous oxide and carbon dioxide fluxes from a bare soil using a micrometeorological 
approach. Journal of Environmental Quality 25:4, p. 898–907. 
 
Romanovsky V.E., Drozdov D.S., Oberman N.G., Malkova G.V., Kholodov A.L., Marchenko 
S.S., Moskalenko N.G., Sergeev D.O., Ukraintseva N.G., Abramov A.A., Gilichinsky D.A. and 
Vasiliev A.A. 2010. Thermal state of permafrost in Russia. Permafrost and Periglacial 
Processes 21, p. 136–155. 
 
Ronkainen T., Väliranta M., McClymont E., Biasi C., Salonen S., Fontana S. and Tuittila E-S. 
2015. A combined biogeochemical and palaeobotanical approach to study permafrost 
environments and past dynamics. Journal of Quaternary Science 30: 189–200. 
 
Šantrůčková H., Bird M.I., Elhottová D., Novák J., Picek T., Šimek M. and Tykva R. 2005. 
Heterotrophic fixation of CO2 in soil. Microbial Ecology 49, p. 218–225. DOI: 10.1007/s00248-
004-0164-x. 
 
Schaefer K., Zhang T., Bruhwiler L. and Barrett A.P. 2011. Amount and timing of permafrost 
carbon release in response to climate warming. Tellus 63 B, p. 165–180. 
 
Schuur E.A.G., Bockheim J., Canadell J.G., Euskirchen E., Field C.B., Goryachkin S.V., 
Hagemann S., Kuhry P., Lafleur P.M., Lee H., Mazhitova G., Nelson F.E., Rinke A., 
Romanovsky V.E., Shiklomanov N., Tarnocai C., Venevsky S., Vogel J.G. and Zimov S.A. 
2008. Vulnerability of permafrost carbon to climate change: Implications for the global carbon 
cycle. Bioscience 58, p. 701–714. 
 
66 
 
Sharma S., Szele Z., Schilling R., Munch J.C. andSchloter M. 2006. Influence of Freeze-Thaw 
Stress on the Structure and Function ofMicrobial Communities and Denitrifying Populations in 
Soil.Applied and Environmental Microbiology 72, p. 2148–2154. 
 
Siciliano S.D., Ma W.K., Ferguson S. and Farrell R.E. 2009. Nitrifier dominance of Arctic soil 
nitrous oxide emissions arises due to fungal competition with denitrifiers for nitrate. Soil 
Biology and Biochemistry 41, p. 1104–1110. 
 
Sjöberg Y., Hugelius G. and Kuhry P. 2012. Thermokarst lake morphology and erosion features 
in two peat plateau areas of Northeast European Russia. Permafrost and Periglacial Processes. 
Published online in Wiley online library, DOI:10.1002/ppp.1762. 
 
Smith S.L., Romanovsky V.E., Lewkowicz A.G., Burn C.R., Allard M., Clow G.D., Yoshikawa 
K. and Throop J. 2010. Thermal state of permafrost in North America: A contribution to the 
International Pole Year. Permafrost and Periglacial Processes 21, p. 117–135. 
 
Tarnocai C., Canadell J.G., Schuur E.A.G., Kuhry P., Mazhitova G. and Zimov S. 2009. Soil 
organic carbon pools in the northern circumpolar permafrost region. Global Biochemical Cycles 
23: GB2023. DOI: 10.1029/2008GB003327. 
 
Walter K.M., Zimov S.A., Chanton J.P., Verbyla D. and Chapin Ill F.S. 2006. Methane 
bubbling from Siberian thaw lakes as a positive feedback to climate warming. Nature 443, p. 
71–75. 
 
Wrage N., Velthof G.L., van Beusichem M.L. and Oenema O. 2001. Role of nitrifier 
denitrification in the production of nitrous oxide. Soil Biology and Biochemistry 33, p. 1723–
1732. 
 
Åkerman H.J. and Johansson M. 2008. Thawing Permafrost and Thicker Active Layers in Sub-
arctic Sweden. Permafrost and Periglacial Processes 19:3, p. 279–292. 
